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1. 


SUW  ART 


This  report  discusses  the  results  of  the  Phase  III  program  of 
Contract  Nonr  2610(00)  -  AWUUR  NOZZLE  EJECTOR.  The  report  also  re¬ 
views  the  Phase  I  and  II  programs  and  the  over-all  program  precepts. 

The  Phase  III  program  was  a  study  of  the  annular  elector  to  det¬ 
ermine  a  configuration  that  accomplishes  the  following:  (a)  equals  or 
improves  out  of  ground  effect  performance;  (b  gives  superior  performance 
in  ground  effect;  and  (c  overcomes  the  performance  loss  during  ground  ef 
feet  transition  encountered  in  the  Phase  II  worx.  To  achieve  these  goals 
this  contractor  investigated  the  combined  possibilities  of  a  conically 
divergent  annular  primary  .let,  wide  angle  augmenter  tube,  and  flow  con¬ 
trol  vanes. 

The  part  icular  primary  nozzle  geometry  chosen  ( 4et  aspect  rat  io, 
Jet  divergence  angle  and  area  ratio)  did  not  combine  effectively  with 
wide  angle  augmenters  to  achieve  an  ejector  with  out  of  ground  effect 
performance  superior  to  that  of  Phase  I  and  II.  However,  equivalent 
performance  was  achieved.  The  investigations  were  performed  with  *mall 
2-D  and  3-D  model  ejectors  with  a  primary  Jet  thrust  of  approximately 
S  lbs.  supplied  at  approximately  ?1"  Hg  gag^  total  pressure  fl.7  pressure 
ratio). 

The  investigation  also  included  the  ise  of  vanes  at  the  bellmouth 
and  augmenter  inlets  and  at  the  augmenter  exit.  Proper  use  of  the  vanes 
reduced  the  augmentation  loss  in  ground  effect  fransition  to  approximately 
1,  3  the  loss  without  var.es.  The  maximum  resulting  loss  in  augmentation 
was  approximately  81  of  out  of  ground  effect  augmentation. 

limited  tests  with  the  full-scale  ejector  indicated  that  hel  lmouth 
losses  chargeable  to  lip  separation  could  be  eliminated  essentially  by  a 
flat  lip  extension  simulating  the  original  Phase  I  model  geometry.  The 
loss  due  to  separation  was  on  the  order  of  It  of  the  primary  Jet  thrust. 


i 


1 

1 

1 

TABLE  OF  CONTENTS 

1  1 

Page  No. 

1  *• 

Sum  ary 

Table  of  Consents 

11  s 

1  1 

Acknowledgments 

iv  |l 

1 

Figure  List 

V 

1  t 

Symbol  List 

vii  I 

2. 

Introduction 

1  1 

2.1 

Program  Background 

1  I 

I  2,2 

Program  Precepts 

1 

2.3 

Phase  III  Progrwn 

5  1 

2.1i 

Brief  Review  of  Elector  Theory 

6  1 

3. 

Discussion 

P  1 

3.1 

Conduct  of  Program 

8  1 

3.2 

2-D  Model  T*sts 

9  1 

3.2.1 

Reference  Test,  2o  •  0  Model 

11  1 

3. 2. 1.1 

Performance  Comrarison  2-D:  3-r  8  2a  •  0° 

12  1 

3. 2. 1.2 

Performance  2-D,  2c  •  0° 

13  1 

3.2.2 

2-D  6  2a  *  30° 

Hi  I 

j  3.2.3 

2-D  8  2a  *  60° 

16  1 

3. <.6 

2-D  Primary  Nozzle  Performance 

IP  1 

3.2.5 

Ground  Effect  2-D 

19  I 

3.3 

3-D  Model  Program 

20  1 

3.3.1 

Matching  of  Augmenter  Configuration  to  Primary 

Nozzle 

21  I 

3. i.l.l 

Scaling  Difficulties 

22  1 

3. 3. 1.2 

Optimum  Augmenter  Configuration 

22  1 

3. 3. 1.2.1 

Effect  of  S  on  E/ector  Performance 

23  1 

3.3.2 

Ground  Efrect  Evaluation  -  3-D 

23  1 

3. 3.2.1 

Primary  Nozzle  Alone 

1 

1 

ii 

1 

TABU  OF  CONTENTS  (CO«,T) 


rm 

3. 3.2. 2  Complete  Elector  Asseabljr  2h 

3«li  Full  Scale  Elector  25 

3.5  Da'a  Reduction  27 

3.5.1  Thrust  Augmentation  2 7 

3.5.2  Side  Plate  Corrections  28 

L.  Conclusions  30 

5.  References  31 

6.  Figures 

7.  Appendices 
Appendix  I 
Appendix  II 


iii 


ACKflOVfLSDDMEXTS 


This  program  phase  was  aronsored  by  tha  U.  S.  Army  through  tha 
Office  of  Naval  Raaaarch,  *7n i f States  Navy.  Tha  authors  wish 
to  acxnowladge  tha  guldanca  given  thla  program  by  Mr.  ■ .  R. 
argent,  Manager  Propula  ion  Department,  Advanced  Raaaarch  Div- 
ision  of  Hillar  Aircraft  Corp.  Othera  who  have  contributed 
significantly  to  thia  program  are  D.  A.  Graber  in  the  laboratory, 
H.  Wichora  with  hia  photographic  coverage  wd  Churchill  with 
his  editorial  assistance. 


iv 


LIST  OF  FIGURES 


1. 

2. 

3. 

L. 

5. 

6. 


e. 

9. 

10. 


11. 


12. 


13. 

Hi. 

15. 

16. 

1  \ 
18. 

19. 

20. 

21. 

22. 

23. 


3  ASIC  A  TOLAR  EJECTOR 


THEORETICAL  EJECTOR  PERFORMANCE 

2-D  ANNULAR  EJECTOR  MODEL  (2c  -  30°,  20  •  15°,  o  •  22.5) 

c 

t-D  OPTIMUM  PERFORMANCE  SIMtARY  AS  A  FUNCTION  CF  TOTAL  AREA 
RATIO  (UNCORRECTED  FOR  SIDE  FLAT-  LOSS) 

2-0  OPTIMUM  PERFORMANCE  S’ MM  ARY  AS  A  FUNCTION  CF  TOTAL  AREA 
RATIO  (CORRECTED  SIDE  PLATE  LOSS) 

OPTIMUM  2-D  AUGMENT  SR  5 ARAMSTERS  AS  A  FUNCTION  F  2c  (AUGMENTS! 
WALL  L-L'GTH  CONST.) 

2-D  PERF  RMANCE  AS  A  FUNCTION  CF  TOTAL  AREA  RATIO,  2c  -  0° 

(UNCO  HR  EC  TED  FOR  SIDE  PLATE  LOSS) 


FLOW  REGIMES  OBSERVED  IN  2-D 


AND  3-D  ANNULAR  EJ-CTOR  MODELS 


2-D  PERFORMANCE  AS  A  FUNCTION  CF  TOTAL  AR- A  RATIO  .  2c 
S  -  0  (UNCORRECTED  FOR  SIDE  HATE  LCSS ) 

2-D  PERFORMANCE  AS  A  FUNCTION  OF  TOTAL  AREA  RATIO,  2c 

s  -  io  (uncorrscte:  for  side  puts  loss) 

2-D  PERFORMANCE  AS  A  FUNCTION  CF  TOTAL  AREA  RATIO,  2c 
S  -  0  (UNCORRSCTED  EUR  r  IDS  °UTE  IjOSS  ) 

2-D  r'ERF  RMANCE  Ar  A  FUNCTION  F  TOTAL  AREA  RATIO,  2c 


30' 


I 


60°, 

60  ,  S  •  10 


(uncorrsitsd  for  side  hat-  loss) 


MODEL  PRIMARY  NOZZLE  CHARACTERISTICS 
VANE  INSTALLATION  IN  2-D,  2a  -  60°  XCDEI 

2- D  EJECTOR  IN  GROUND  EFFECT,  VANED  AND  UN  V A NED 

FLOW  STUDIES  CF  2-D  VANED  MODEL  IN  GROUND  EFFECT  (nELLM(  UTH 
VANES  CLOSED) 

3- D  MODEL  WITH  2«  -  10°,  op  -  23  AUGMENTS  IN  PLACE 
1-D  PRIMARY  NCZZIE  *  ETA  I  IS  (2c  -  Si/  ) 

THRUST  AU’iMENTATU  N  A  A  FUNCTION'  i.  E  TOTAL  AREA  RATIO  (2c  -  ll°) 

THRUST  AUGMENTATION  AS  A  FUNCTION  F  NOZZLE  AUGMENT  ER  SPACING 
PARAMETER 

THRUST  AUGMENTATION  IN  GR(  UNI  EFFECT  PERFORMANCE  AS  A  FUNCTION  CF 
PRIMARY  NOZZLE  ELEVATION,  20  •  B°,  3-D 

THRUST  AUGMENTATION  IN  GRuHID  EFFECT  PERFORMANCE  AS  A  FUNCTION  OF 
PRIMARY  NOZZLE  ELEVATION,  23  -  10°,  3-D 

THRUST  AUGMENTATION  IN  GROUND  ”FFECT  AS  A  FUNCTION  OF  AUGMENTS!  EXIT 
DIAMETER.  ’-D 


v 


2ii.  8RLLM0UTO  LIP  TOTAL  PRESSURE  AND  STATIC  INSTRUMENTATION 
(FULL  SCALE  MODEL) 

25.  BRLIMOUTH  LIP  PRESSURE  DISTRIBUTIONS 

26.  ANNULAR  EJECTOR  -  BELLMOUTH  LIP  HODIFICATION 

27.  EJECTOR  INLET  FLOW  RRFORE  AND  AFTFH  LIP  MODI  FI  CAT  ION 
26.  BELLMOUTH  EYE  PRESSURE  PROFILE  (FULL  SCALE  EJECTOR) 


vi 


ANNULAR  EJECTOR  GEOMETRICAL  PARAMETERS 


SYMBOL  LIST 


Consistent  units  are  used  where  required  or  ore  otherwise  noted. 

•  Proportionality  constant  representing  slope  of  0  vs  log  (ocod 

at  constant  a 

d 

■  specific  heat 

•  two-dimensional 

•  three-ditaensional 

•  augmenter  throat  diameter  or  width  in  2-D) 

•  augmenter  exit  diameter  (or  width  in  2-D' 

•  mean  primary  nozzle  Jet  diameter  (or  width  in  2-D) 

•  primary  bellmouth  <*ye  throat  or  width  in  2-D) 

•  primary  bellmouth  eye  diameter-exit  or  width  in  2-D) 

•  total  measured  thrust  of  primary  nozzle  assembly  with  side  plates 

•  thrust  of  primary  nozzle  with  side  plates,  without  bellmouth 

thrust 

•  thrust,  of  primary  nozzle  without  side  plates 

•  thrust  of  primary  nozzle  -  one  element  -  alone  Jet  centerline, 

without  side  plates 

■  total  measured  thrust,  lbs. 

•  local  acceleration  of  gravity 

•  ground  clearance  from  augmenter  exit  plane 

•  ground  clearance  from  primary  nozzle  exit  plane 

ft  lb. 


•  length  of  augmenter  measured  from  center  of  lip  radius  to 
exit  plane 


STMSOL  LIST  (CO\"T) 


pressure,  total 

pressure,  static  p 

augmenter  lip  radius  for  2-D  •  .Lir,  for  1-D  •  * 

gap  between  nozzle  exit  plane  and  augmenter  inlet 

nozzle-. augmenter  spacing  parameter 


initial  primary  Jet  ’hickness 

temperature 

velocity 

measured  primary  weight  flow  rate 


total  maglo  of  primary  4et  divergence 
total  angle  of  augmenter  divergence 

.  ...  bellmouth  eye  area 

primary  area  ratio  •  — — , - 

primary  area  let 

.  augnenter  inlet  area 

secondary  area  rat  io  •  — •-j  — ~ -r— i - 

•  primary  Tet  area 


augmenter  area  ratio  • 


augmenter  exit  area 
augmenter  inlet  area 


tot.il  «ro»  ratio  •  2H ”1'  i™± 

primary  Jet  area 

T, 

augmentation  ratio,  unrorrected 
augmentation  ratio,  corrected 

.  .  .  .  .  mean  primary  nozzle  circumference 

Jet  aspect  ratio  ■  - 1 - - 


r  , 

primary  nozzle  eficiency,  ldeal 


Jet-wall  sncing  parameter 


2.  INTRODUCTION 

2.1  Program  Background 

Study  of  t ho  annular  ejector  concept  and  Its  application  was  In¬ 
itiated  by  this  contractor  In  1956.  This  ejector  Is  shown  schematlcal ly 
In  Fig.  1.  Since  1959  the  government  has  participated  In  this  program 
through  the  Office  of  Naval  Research  with  funds  provided  by  the  Office 
of  Naval  Research,  the  U.  S.  Marine  Corps  and  the  U.  S.  Amy.  The  first 
phase  program  confirmed  and  extended  the  early  rudimentary  model  tests 
within  a  act,  narrow  range  of  critical  geometric  parameters  which  include 

£/D  and  o  .  The  basic  model  geometry  Is  shown  in  Figures  1  and  2  of 
c 

Appendix  I.  The  range  of  parameters  Investigated  was  predicted  on  air¬ 
craft  Installation  requirements.  ata  from  these  tests  (Fig.  7,  Appendix 
I)  permitted  the  design  of  an  "Optimum"  annular  ejector  configuration  In 
Phase  I  for  rul  1-scale  testing  in  the  Phase  II  program. 

Phase  I  also  Included  a  study  to  determine  ’he  effect  of  axial 
rotation  or  swirl  of  the  primary  4et  on  the  e  ‘ector  performance.  Figures 
10  and  11  of  Aprendix  I  illustrate  the  model.  These  ’ests  lndlca’ed  ‘hat 
while  introduction  of  such  ro’aticn  resulted  in  considerable  inrreacie  In 
flow  augmentation  for  the  same  physical  ejector,  there  was  no  increase  in 
thrust  augmentation.  Lack  of  increase  in  a  igment  atlon  was  attributed  to  a 
cosine  thrust  loss  and  additional  extraneous  losses  caused  by  turning  the 
primary  4et  away  from  its  axial  direction  to  troduce  the  axial  rotation. 

The  addition  of  the  "Coanda"  ejector  primary  Jet  nozzle  Fig.  , 
Appendix  I  *  ’o  the  annular  ejector  system  was  also  inver’ igated.  This 
modification  did  not  imrrove  the  basic  rerrormance  of  the  annular  nozzle 
configuration. 

The  Phase  I  model  tests  used  a  primary  Jet  of  approximately  1?  pounds 


« 

The  Appendix  of  Reference  1,  which  covers  the  model  work  conducted  under 
Phase  I,  is  appended  to  this  report  as  Appendix  I  for  the  convenience  of 
the  reader. 
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throat  utilizing  an  air  supply  of  approximately  2]  inches  of  mercury 
at  200°F. 

The  augmentation  performance  achioved  with  the  basic  model  geometry 
that  was  chosen  for  full-scale  Costing  was  l.:>3. 

The  geometric  parameters  of  this  r.odel  were: 

or  •  9.77  S  •  0  2p  •  8° 

o  o.  '19.fi  2*0°  primary  nozzle 

aspect  ratio  •  100 

f'D  •  3 

a 

This  basic  model  (Fig.  ?,  Aprendix  I)  incorporated  a  primary  nozzle  and 
plenum  system  of  very  high  efficiency.  The  efficiency  of  this  model 
primary  nozzle  and  plenum  expressed  as  augmentation  ratio,  was  .9^  to 
.99.  The  large  volume  of  this  plenum  chamber  was  not  commensurate  with 
aircraft  installation  requirements .  N'or  was  the  fabrication  cost  commen¬ 
surate  with  the  budget  for  the  rul  1-scale  teat  hardware.  i>ince  efficient 
plenum  design  was  of  minor  importance  to  that  phase  of  the  annular  e’ector 
program,  the  design  of  the  full-scale  e  ector  incorporated  a  rather  modest 
plenum  to  reduce  hardware  costs.  To  compare  the  model  and  full-scale  data 
intelligently,  it  was  necessary  to  modify  the  monel  plenum  to  reflect  the 
geometry  of  the  full-scale  design.  Tests  of  this  revised  model  configura¬ 
tion  indicated  an  augmentation  ratio  penalty  of  S  to  ?  points  from  the 
use  of  such  a  plenum  design. 

In  the  Phase  II  program  (196(  ,  ‘he  full-scale  annular  elector 
assembly  and  associated  ‘ost  hardware  were  c  instructed  and  tested.  This 
installation  is  shown  in  Figs.  1  and  g  of  Appendix  !I.  A  .f- *  .rbo-det 
engine  was  used  *o  supply  ‘he  primary  gas  for  these  tests,  i  ne-third  of 

^referred  to  the  isentropic  thrust  resulting  rrom  expansion  of  the  measured 
weight  flow  rate  at  the  supply  pressure  to  ambient  pressure.  Also,  see 
paragraph  ^.1. 

^Pertinent  data  from  Phase  II  summary  report  is  arpended  to  this  report 
as  Appendix  TT  for  the  convenience  of  fhe  reader. 
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the  gas  generated  by  the  turbojet  was  used  in  the  annular  elector;  the 
remainder  was  discharged  into  the  ataosphere  without  influencing  the 
validity  of  basic  data.  The  actual  weight  flow  rate  of  gas  supplied  to 
the  ejector  assembly  was  determined  accurately  with  a  sharp-edged  orifice 
flow  Tf> ter  irradiate ly  upstream  of  the  elector  assembly.  The  entire 
e’ector  assembly  and  turbo- <et,  *ogether  with  the  connecting  ducting, 
were  installed  on  a  platform  that  was  free  to  move  in  the  horizontal 
plane  except  as  restrained  by  appropriate  load  cells.  The  load  cells, 
installed  on  two  axes  of  the  thrust  table,  provided  the  thrust  measure¬ 
ments  reiuired  for  e’ector  evaluation. 

The  dn?a  obtained  frcm  tests  of  this  hardware  indented  an  aug¬ 
mentation  ratio  of  l.ijfi,  approximately  S  points  less  than  the  Phase  I 
model  tests.  This  a-point  iscrepancy  was  attrib.ted  to  manufacturing 
variations  in  the  primary  nozzle  exit  at  the  time  cf  writing  the  Phase 
!I  summary  report.  It  is  now  believed  that  bellmouth  separation  is  also 
partially  responsible  for  the  discrepancy. 

The  net  results  of  the  Phare  II  full-scale  tests  were  as  follows: 

1)  The  establishment  of  the  feasibility  of  the  annular  ejector  concept 
and  2 1  Indication  that  etector  siz**  Reynolds  Number  and  elevated 
primary  Jet  temperature  had  a  minor  effect  on  e  ;ector  rerformance.  Fig, 

^  of  Appendix  II  presents  a  comparison  of  r  11-scale  and  model  perform¬ 
ance  . 

The  results  of  e  wtor  w  ike  survey  conducted  in  Phase  II  rire  shewn 
in  Fig.  h  of  Appendix  "  I T  .  Note  the  magnitude  of  the  reducMon  in  wake 
velocity  indica’ed  by  wake  total  pressure  an i  temperature.  The  rrimarv 
>t  temperature  and  rressure  were  l^OO15,  and  1  ’  in.  Fg .  respectively, 

v  ther  Phase  !r  tes’s  ising  the  scale  model  of  the  full-size  e<*ctor 
determined  the  augmenta* ion  performance  as  a  function  of  ground  clearance. 


adjusted  for  correctable  supply  plenum  losses 
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Those  teats  showed  that  augmentation  performance  was  affected  adversely 
by  ground  proximity  at  clearances  below  approximately  1.3  to  l.h  a^gmenter 
Inlet  diameters,  Fig.  5,  Appendix  IP.  Ibis  decrease  in  augmentation 
ratio  continued  until  a  ground  clearance  of  approximately  0.3  to  O.b 
diameters  was  achieved,  and  *hen  improved  as  ground  clea-ance  was  fur¬ 
ther  reduced.  Pelow  *  ground  clearance  of  approximately  0.1  dimeters 
the  thrust  augmentation  increased  above  that  achieved  out  of  ground 
♦•Poet.  T^ese  same  teats  illustrated  ?ka*  below  0.1  ‘iameter?  ground 
clearance  even  greater  improvement  In  thrus*  augmentation  could  be 
achieved  by  blocking  all  secondary  flow  passages.  U  grounc:  clearances 
above  0.1  dl alters,  blockage  of  •  he  secondary  flow  passages  resulted 
in  a  reduction  of  thrust  augmentation. 

7.7  Overall  Program  Precepts 

Preliminary  design  studies  conducted  by  the  contractor  covering 
l?y,  VTCL  and  STCI  applications  of  the  annular  ejector  and  other  elector 
systems  have  shown  that  the  space  required  to  house  the  1  if t-propuls ion 
system  is  a  vital  concern.  This  can  be  stressed  In  parametric  form  by 
the  ratio  of  thrust  or  lift  rer  unit  system  volume.  The  need  to  min¬ 
imize  volume  or  to  maximize  the  thrust  per  :nit  volume  parameter  for  an 
efficient  end  application  13  rela’ively  obvious  considering  that  skin 
friction  drag  is  essentially  proportional  to  the  2/3  power  of  the  total 
enclosed  volume  of  a  given  vehicle.  T^e  importance  of  this  tarameter 
is  also  clear  if  the  designer  must  exchange  cargo  volume  for  lift-pro¬ 
pulsion  system  vol  ime  When  the  designer  considers  supersonic  VTOL  and 
FTPI,  aircraft,  the  frontal  area  of  the  1  if t.-rrorulsion  system  increases 
in  imror^nce.  The  allowable  thrust  :er  unit  volume  ror  a  given  system 
can  vary  wi*h  the  iet.ail  requirements  of  a  particular  application. 

Exit  wake  velocity  is  also  important  in  view  of  the  or** rational 
characteristics  ani  problems  of  TEM,  VT  I,  and  rTC  L  craft.  The  magnitude 
of  the  exit  wake  velocity  determines  the  severity  of  *he  exit  wake  - 
ground  impingement  hazards  other  variables,  such  as  type  of  ground  sur- 
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'ace,  being  constant). 

The  first  of  the  two  parameters  discussed,  thrust  per  unit  volume, 
has  been  the  primary  precept  of  the  annular  ejector  rrogran.  The  second, 
exit  vahe  velocity,  is  sufficiently  reduced  in  -ost  cases  by  the  elector's 
inherent  "di  lit  ini?"  characterist  ics.  Geometric  factors  influencing  the 
voluwe  of  a  ♦rive*  e  ector  system  are  ler,gth-di\metor  -atio  of  the  augmenter 
tube,  the  ratio  of  augment er  inlet  area  to  r rimary  'et  area,  the  lif fuser 
area  ra»io,  and  in  the  case  of  tke  annular  e 'ector,  the  primary  nozzle 
aspect  ratio.  In  f#nerad ,  e .lector  technology  indicates  that  superior 
thrust  augmentation  results  from  the  uso  of  maximum  values  of  th<se 
geometric  factors,  as  1  imi  *  «*d  by  the  natural  phenomena  existing  in  the 
e  'ector  flow  system  augment  er  separation  ind  stall,  critical  wach  Number 
at  the  augmenter  inlet,  mixing  efficiency,  and  augmenter  internal  friction 
losses  .  however,  such  a  configuration  is  not  necessarily  optimum  tn  the 
basis  of  the  thrust -volume  parameter. 

It  is  alro  generally  Known  from  previous  experience  and  ejector 
theory  that  configurations  optimized  on  the  basis  of  the  volume  loading 
parameter  have  t  Ml  area  ratios  in  ’he  range  from  10  to  100  rather  than 
1  'o  1,000.  Moreover,  the  more  convert!  nal  applications  best  utilize 
•otal  area  ratios  ^elow  S(  .  Consea uentlv,  *he  range  of  the  total  area 
ratio  parameter  c  nsi  iered  *o  da‘e  Viv  Hiller  bas  bpen  between  10  ar»i  10  . 

?.  1  rhase  III  Program 

The  basic  in’^nt  of  • he  ^hase  !’T  program  is  a  detailed  invest iga* ion 
or  f he  annular  ejector  concert  in  ground  effect.  Complete  understxnding  of 
•he  flow  svs ’em  in  gro  ind  effect  is  ossertial  to  successf  il  application 
of  the  annular  ejector  to  YT  L,  Ti  L  or  1PM  vehicles.  The  annular  elector 
must  have  exoellpn*  gr  und  effect  characteristics  to  satisfy  fhe  terminal 
phases  of  *he  VT(  L  and  ST(  L  mission  and  permit  its  application  to  the 
pure  CiFX  vehicle.  TKe  Phase  III  program  was  fo  continue  mooel  tests  init¬ 
iated  at  the  close  of  Phase  rI,  to  determine  ar.  annular  ejector  configur¬ 
ation  which  had,  1  eoual  or  improved  out  of  ground  effect  performance 
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as  compared  with  the  Phase  II  work,  '<?)  negligible  performance  penalty 
in  transition  (h/D  •  i  to  .1  and,  (3)  conventional  GEE  performance  in 
ground  effect  h/P  <  .  3  .  The  details  of  thia  r rogram  are  discussed  in 
paragraph  3  below. 

2. h  brief  Review  of  m’ector  Theory 

Over  the  y*»ars,  -any  Invest iga’ors  have  vialyzcd  the  ejector  cycle 
both  as  a  p  japing  device  and  as  a  thrust  augmenter.  The  int-rest  at 
Miller  has  been  *  rimarily  in  the  thrust  augmentation  charac ’eris M.cs  of 
the  annular  *•  ector.  w  rnsson  ' Reference  and  McClirtock  and  Howl 
Reference  3  are  r'*rt  aps  ’he  store  notable  of  the  earlier  thrust  augmenta¬ 
tion  works.  Recently.  Rortin  and  !,e  .’labour  Reference  I* )  and  Weber 
(.Reference  5)  have  j  iblished  papers  post  rertinent  tc  the  annular  ejector. 
Rorttn's  work  deals  directly  with  the  annular  ejector,  and  rre-dates  that 
tone  by  this  contractor.  Rerun  s  analysis  of  the  elector  considers  the 
compressible  case,  Cid  is  ’resented  *o  show  the  theoretical  effects  of 
rressure  and  temperature  ratio,  as  well  as  diffuser  efficiency.  As  in 
most  analyses  >f  the  ejector,  Reptin  assumes  that  ’he  mixing  process  is 
completed  t-lor  to  diffusion  Veber  s  analysis  of  ’he  divergent  shroud 
e ’ector  is  of  ’art. ar  interest  ls*c  ar  <>  he  assumes  that  mixing  of  ‘he 
two  streams  is  mror*  lepe  .,p  ’he  «  'nctor  exit,  amelv  that  it  continues 
through  the  diffusion  process.  This  analysis  is  closely  -analogous  *o 
’he  flow  system  ’fat  ey'.*;»<?  m  *he  annular  «» ’ector  Weber,  however, 
consid-Ts  only  low  -area  rau  ejectors,  ar.d  computes  a  nozzle  thrust  coef¬ 
ficient  t’ -at  evaluates  *he  actual  ’hrus*  of  the  nozzle-shroud  ccnflgura- 
tion  or  the  basis  f  ’re  j teal  ,  r  >mbined,  'o! ai  eyip  momentum  'secondary 
and  primary  .  -'onset  lent  y,  his  results  are  not  iirectl.v  arrlioa’le, 
k  tit  his  at  aly’ira.  *  rea’rer*  es  ar”  iv  The  w  rks  s*  ec  if  ica!  ly  rerere*  red 
here  -are  bared  on  'ons*an*  area  "•ixmg  with  ’he  exception  of  Weber, 
i ’her  analyses  •  ave  c  rs  i  ier*  i  r.stant  pressure  mi  ning  (  a  cc  nvepgent 
mixing  tube  to  arrive  v  a  ’be.re’ical  iredictun  of  elector  thrust 
a.gmentation  rerf  rrr.ar. "  e  1’ese  ar  a  vses  'ave  shown  lit’le  advantage  from 

such  comr 1 ic a* ion. 


Figure  2  compares  the  theories  of  several  Investigators.  Thrust 

augmentation  is  plotted  as  a  function  of  total  area  ratio.  Note  that 

these  theories  are  represented  by  straight  lines  on  the  semi-log  plot 

for  a  constant  value  of  diffuser  area  ratio,  o..  This  fact  indicates 

C 

that  the  performance  expressions  can  be  exrressed  in  the  fora 


i*  9  K  log  (a  a  . )  ♦  3 
c  d 


constant 


This  relationship  justifies  resenting  elector  test  data  in  terms  of 
*hese  dimensionless  ratios.  Test  points  are  also  shown  representing 
Hiller  and  Berlin  full  scale  electors.  Vote  that  the  slope  of  a  line 
through  the  two  fill  scale  da* a  roi.n*s  would  give  a  value  of  A  erjual  to 
that  Indicated  for  the  ‘reoretical  curves. 


2-D  *est  values  of  t  at  a 

c 


2  are  also  plotted  on  this  theoret 


leal  curve  for  comparison.  The  2-D  curve  foes  not  follow  this 
lzation.  This  is  because  the  curve  represents  a  fixed  primary 
configuration  optimized  for  a  single  value  of  a c  rather  than  a 
nozzle  conf iguration  which  is  optimum  for  the  particular  value 


general - 

nozzle 

"rubber" 

of  o  . 
c 
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3. 


DISCUSSION 


3.1  Conduct  of  Phase  III  Prograa 

Paragraph  2.3  above  rr« senta  the  precepts  for  the  Phase  III  work. 
To  achievo  the  goals  outlined,  it  was  decided  to  investigate  the  possib¬ 
ility  of  performance  gains  through  use  of  a  conically  divergent  annular 
primary  <et  (2c  >  0°).  Berlin's  work  (Reference  h)  had  Indicated  that 
considerable  improvement  in  elector  rerfomance  out  of  ground  effect 
could  be  obtained  at  the  higher  values  of  oco^  through  use  of  a  diver¬ 
gent  primary  4et.  Reference  It)  indicates  s  :c-easrul  use  of  values  of 
2c  as  large  as  60°  with  an  augnenter  divergence  angle  (2*0  of  15°.  The 
higher  difrusion  angles  of  the  augnenter  are  rossible  because  of  the 
rroxinity  of  the  rr i - ary  4et  to  the  augnenter  wall.  The  primary  let 
energizes  the  augnenter  boundary  l>\yer  and  delays  soraration.  Since  a 
greater  value  of  2-3  would  give  a  larger  augnenter  exit  area  ground 
effect  base  area  ,  it  was  hypothesized  that  in; roved  ground  effect  per¬ 
formance  would  result.  It  was  further  hypothesized  on  ’he  basis  o: 
the  contractor's  Phase  II  ground  effect  investigations  that  appropriate 
control  of  the  flow  system  through  valving  of  the  bellmouth,  secondary 
(or  augnenter  inlet  and  the  augnenter  outlet  would  result  in  improved 
transition  rerfomance. 

The  experimental  investigation  started  with  two-dimensional  (2-D) 
models  because  of  ’heir  simple  cons*  ruction  and  adaptability  to  flow  vis¬ 
ualization  techniques.  Three  basic  models  were  constructed  for  both 
flow  visualization  and  quantitative  tests  *o  establish  the  effect  of  the 
various  raramet.ers,  !n  and  out  r  ground  »frect,  and  to  determine  a  eon- 
figuration  suitable  for  scaling  to  a  three- iimensional  '3-D'  configura¬ 
tion.  The  optimum  2-  augnenter  determined  by  these  ’ests  frr  a  2a  ■  6 C° 
primary  nozzle  Viad  2,3  equal  to  1'7°  and  r  equal  23.  This  augmenter  was 
then  scaled  to  a  3-D  configuration  matching  the  ^-D  rrimary  nozzle  avail¬ 
able  from  Phase  II  work.  This  nozzle  had  been  rreviously  modified  to 
incorporate  a  nominal  et  divergence  angle  '2 c)  of  6C°.  Tests  with  fhis 
^-L  conf igurat ion  rpv»a  ed  a  flow  system  with  iifle  similarity  to  the 


p 
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2-D  model  system.  In  other  words,  the  3-D  »odel  was  ineffective  as  a 
thrust-producing  device.  Subsequently,  the  2-D  teats  were  broadened 
in  m  effort  to  eliminate  the  difficulty  in  scaling  between  2  and  3-D 
models.  Additional  1-D  tests  were  also  performed  with  other  augmenter 
gooRetries  in  an  atter.pt  to  solve  the  scaling  troblen.  The  3-D  model 
finally  obtained  with  2a  equal  to  60°  required  a  2p  of  approximately  6° 
to  10°  to  achieve  a  stable  fl<*  regime  and  effective  elector  operation. 
The  augmentation  rerformanee  of  this  configuration  out  of  ground  effect 
was  roughly  equivalent  to  that  of  the  2a  •  0(  ,  2p  •  6C  configuration, 
which  was  investigated  in  both  model  and  full-scale  tests  in  Phases  I 
and  II  of  this  program. 

Vfhile  performing  the  required  turbo-jet  -maintenance  runs,  further 
investigations  were  made  of  the  discrepancy  between  the  model  and  full- 
scale  •hrust  augmentation  rerfornance  originally  encountered  in  the 
Phase  II  work. 

3.2  2-D  .Model  Tests 

The  purpose  cf  the  2-D  tests  was  threefold:  to  determine  an 
ejector  configuration  for  scaling  to  3-D  geometry  meeting  the  Phase  III 
precepts;  to  gain  preliminary  data  on  the  performance  possibilities  of 
a  2-D  annular  ejector  configuration;  to  increase  ’he  basic  understanding 
of  the  annular  ejector  flow  system.  To  achieve  these  goals,  rlcw  vis¬ 
ualization  and  performance  tests  were  conducted  using  models  with  a  rrim- 
arv  jet  thrust  of  approximately  pounds  at  a  supply  pressure  ratio  cf 
l.7.  Toledo  scale  was  used  for  thrust  measurement,  and  a  s'*  arp-edged 
orifice  flow  meter  per  A SVF  Standards  was  used  for  flow  measu^ment. 
Schlieren,  smoke,  and  tuft  techniques  were  ;sed  for  flow  visualization. 

The  three  models  were  constructed  with  nominal  primary  let  div¬ 
ergence  angles  2a  of  0°,  30°  and  60°.  The  distance  between  the 
side  plates  was  1.  inches.  The  2a  -  30°  model  is  shown  in  Fig. 

Dimensional  inspection  of  these  models  indicated  that  the  desired 
'et  divergence  angle  of  0°,  30C  ,  and  60f  would  be  obtained.  Upon  com- 
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plotion  of  the  tests  with  these  models,  the  side  plates  were  cut  off  at 
the  noirle  exit  plane  to  permit  individual  testing  of  the  nozrle  elements 
without  the  unsyr-mtrical  forces  caused  by  elector  pumping  through  the 
bellmouth  in  the  presence  of  the  extended  side  plates.  Schlieren  studies 
of  these  truncated  models  indicated  that  the  true  Jet  divergent  angles 
(2c)  were  approximately  Cc,  12 0  and  61°,  respectively .  Where  appropriate, 
the  data  has  been  presented  in  this  report  as  a  function  of  the  actual 
value  of  a  rather  than  the  nominal  value  of  o. 

* 

Fig.  li  presents  a  summary  curve  of  "’’ncorrected"  thrust  aug¬ 
mentation  as  a  function  of  o  a,  for  the  nominal  values  of  go  of  0°,  30° 

c  d 

and  60*.  The  figure  show"’  that  no  advantage  in  thrust  augmentation  is  gained 

through  use  of  2a  >  0C  when  side  plate  losses  are  present.  The  2-T  models 

are  of  such  proporti  ns  that  an  essentially  ’square”  flow  crass  section 

results  at  the  eye.  That  is  to  say,  the  length  or  span  of  the  2- D  Jet- 

slots  forming  the  2-1  simulated  annular  el  is  equal  to  the  width  of  the 

eve,  L  ,  (distance  between  the  Jet-slots  .  Thus,  the  models  have  relatively 
s 

high  losses,  which  can  be  attributed  to  si  e  wall  friction.  In  other  words, 
the  side  wall  wet  ted  area  is  .  arge  with  rerrert  to  the  free  or  unbounded 

‘et  area. 

Supplementary  side  pla*e  evaluation  Tests  were  conducted  using  the 
three  ’runcated  models.  From  these  tests  a  si  e  plate  correction  factor 
w  ts  obt  ained  as  described  in  raragraph  3  •  S .  ? . 

Fig.  o  present  i  a  summary  curve  similar  to  Fig.  ij,  but  incorporates 
the  correction  for  side  plate  frictional  losses  It  will  be  noted  from 
this  figure  that  improved  performance  would  be  an*’.cirated  from  use  (f  a 
2a  value  of  apt  rox imAtely  10°  in  a  high  Jet  asrect  ratio  . -D  configura¬ 
tion  tfa*  would  recuce  r::e  wall  friction,  or  m  a  co-  f iguration  that 

would  eliminate  ride  plate  friction. 


Measured  thrust  ’alues  are  not  corrected  for  side  plate  frictional  losses. 
All  of  the  2-C  thrust  augmentation  data  has  been  ’resented  on  an  uncor¬ 
rected  basis  with  the  exception  of  figure  $  ] 
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3,  th  Figs.  h  and  ■  represent  the  Oftlaua  ferfcrRance  obtained  for 

a  given  value  of  a  c,  and  2a.  wl th  variable  o  ,  3  arid  S.  A  total  of 
C  a  C 

approximately  200  elector  configurations  was  tested  utilizing  the  variable 
geometry  augmenter.  A  ccnf  iguration  is  shown  under  test  in  Fig.  )  Vote 
augmenter  separation  .  The  datA  is  plotted  in  figures  9  through  12. 

These  2-T  tests  h  ave  shown  that  it  is  possible  to  ise  values  of  2p 
as  large  as  ?C°  without  incurring  diffuser  seraration.  However,  it  has 
been  found  that  the  maxinuR  thrust  augmentation  occurs  considerably  be¬ 
fore  diffuser  separation,  that  is,  at  lower  values  of  2p.  In  fact,  us  ir# 
primary  nozzles  of  2c  equal  to  either  30*  r  6C°,  the  optimum  value  of 
2,3  was  roughly  16°,  which  nay  Indicate  that  is  essentially  independent 

of  c  in  this  range  However,  the  optimum  value  of  a  was  found  to  be 

c 

a  strong  runctior.  of  c.  Tt'ese  *aramet*'rs  are  presented  in  Fig.  6. 

To  rresent  as  a  function  of  c  alone  is  an  over-simplification. 

The  optimum  value  of  is  also  an  involved  function  cr  the  .1*t-wall 

spacing  parameter,  y.  the  ratio  of  augmenter  inlet  area  to  primary  .iet 

area  'a  ),  and  the  axial  location  or  sracing  /r*  of  the  augmenter  tcwn- 
c 

stream  of  the  primary  >t  outlet,  y  and  •  robablv  extert  'he  greatest 
influence  on  optimum  ^ ,  or  being  involved  through  interrelation  cf  the 
system  parameters.  Low  values  of  y  give  increased  boundary  layer  en¬ 
ergization  and  greater  augmenter  friction  losses.  Consequently,  arrro- 
rriate  trade-offs  must  be  made.  Changes  i n  v  in  'here  2-b  tests  wer  accom¬ 
plished  by  altering  .  Consequently,  it  is  not.  possible  to  support 
these  hypotheses  unequivocably  from  this  :ata. 

In  the  annular  elector  system,  matching  t.he  rroper  augmenter  in¬ 
let  geometry  to  the  primary  nozzle  is  believed  to  depend  on  two  prime 
factors,  namely,  the  secondary  area  ratio  ’  and  the  ,iot~wall  sracing 
parameter,  y.  The  choice  f  <■  - ;  rrimary  nozzle  parameters  ~Ade  for  this 
series  of  maintains  fV~e  similarity  simultaneously  between  c  ;rrent 

?-T  and  phase  [I  f or  n  and  v. 

c 

■*.c.l  Reference  Test,  2c  «  0°  Vodel 

The  purpose  of  this  model  was  to  -rovide  a  reference  to  the  previous 
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3-0,  2a  •  0C  work  done  In  Phases  I  and  II.  However,  in  providing  a 
direct  reference  in  scaling  from  2-D  to  3-0  ccr figurations ,  it  is  not 
possible  to  keep  cons* ant  all  the  dimensionless  ratios  and  other  para¬ 
meters.  It  is  Impossible  to  -aintain  equal  values  of  the  *et  aspect 
ratio,  0,  primary  area  ra’io,  a^,  secondary  area  ratio,  o(  ,  and  ’he  t«t- 
to-wall  spacing  parameter,  y,  between  a  3-D  a^d  2-D  configuration.  How¬ 
ever,  the  2-D  case  does  allow  grea’er  independence  of  the  parameters. 

For  instance,  in  the  2-D  case  <et  aspect  ratio,  V  is  independent  of  c>t 
while  In  the  3-1'  case  they  are  mutually  dependent. 

In  the  design  cf  the  basic  2-'  model,  2c  •  0*  ,  it  was  decided  to 

sacrifice  similarity  of  the  *et  aspect  ratio  between  2  nd  }-D  in  favor 

of  -aintalnir.g  o  and  y,  and  also  ’o  simplify  the  rodel  construe  ti  on  by 
c 

shortening  t*s  span,  i.o.,  nozzle  length.  It  was  realized  that  <ot  aspect 
ratio  (10  in  2-D,  iff  in  Phase  !1,  3-D'  was  of  importance  and  would  re¬ 
quire  consideration  in  comparison  of  2-D  and  3-D  results.  Primary  area 

ratio  a.  of  the  3-D  models  was  preserved  at  a  •  \6S  in  the  2-D  models, 
n  b 

3 . 2 . 1 . 1  Performance  Comparison  2-D:  3-D  *  2c  m  0° 

It  will  b«>  no’ed  *hat  the  2-D  2c  •  0C  tests  indicate  a  r.Aximum 

corrected  augmentation  ra’io  of  1.3'  Fig.  ij).  This  atrmenter  geometry 

2c  -  0*  ,  2,J  -  h°  n  •  °.  on-  In.  \2  essentially  duplicates  ‘he 

c  c  d  * 

3-D  model  geometry  ( 2c  •  0°,  2;3  *  •  °c  "  ’7»  °c°(j  "  The 

prime  geometric  cifferer.ce  between  the  models  is  in  the  .let  aspect  ratioi 
in  the  2-D  case  it  equals  <0;  in  the  3-1  case  it  equals  100.  iTiase  I 
indicated  an  augmentation  ratio  2  *  1.S3  for  this  <-D  model.  The  large 
discrepancy  between  *he  ,-D  and  3-f  rerr  rma nee  -  16  i  ints  -  can  be  at- 
'ributerj  largely  'o  j.^rease  in  vt  aspect  -atic,  and  to  "eye"  aspect 
raMo  of  *h.e  2-D  model.  Tv,e  *  ide  plates,  which  are  unenergi zed  ,  or  un¬ 
blown  surfaces  in  *he  2-1  m  del  as  compared  to  a  3-T  annular  configura¬ 
tion  where  all  ‘he  surfaces  are  energized  compose  a  large  portion  of  fhe 
hounding  surfaces  in  *h°se  souAre,  low  eye  asrect  ratio  2-D  models.  The 
difference  in  cr  between  'he  /-I  and  3-D  *ests  can  also  explain  fhe  dif- 
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ference  in  performance. 


3. 2. 1.2  Performance  2-D  2a  -  0° 

Analysis  of  the  2c  •  0°  primary  let  test  dat*,  Fig.  7  indica¬ 
te  the  optimum  performance  with  an  nugmenter  d  ivergence  angle  2j*  •  P°, 
positioned  with  the  aiymenter  inlgt  at  thg  plane  of  thg  nozzle  exit  (5  •  0). 
Little  variation  in  ’hrust  augment  at  ion  was  found  by  varying  c>c  from  Q .  5 
to  10.  .  The  only  result  was  to  increase  require  to  obtain  a  given 
value  of  0.  Flow  visualization  studies  at  oc  •  10  Indicated  the  rr imary 
Jet  would  remain  attached  to  the  augmenter  walls  through  a  2}t  variation 
f run  0°  to  lli° .  Lover  2,i  values  shewed  a  relatively  unmixed  primary  Jet 
clinging  closely  to  the  augmenter  wall.  At,  equal  6°  to  10°,  the 
primary  let  appeared  dispersed  over  a  larger  area  indicating  improved  mix¬ 
ing  and  obviously  greater  diffusion.  The  studies  are  depleted  graphically 
in  Fig.  fc. 

Pellnouth  eye  sta’ic  pressure,  which  is  a  direct  measure  of  the 
eye  velocity,  is  an  accurate  measure  of  bellmouth  thrust  and  indicative 
to  some  degree  of  overall  ejector  performance.  Consequently,  its  behavior 
as  a  function  of  23  (or  a.)  is  cf  interest.  Th-*  static  pressure  measured 

G 

at.  the  center  of  the  2c  •  0  bMlmuuth  eye  decreased  with  increasing  g  and 

total  area  ratio  (o  o.  until  Hist  prior  to  the  appearance  of  separation 

c  d 

in  the  augmenter  at  2,3  -  Ui°,  -30"  M  O  was  measured.  With  the  ortim.cn 

co^rigura‘ icn  -2  "  H^O  was  measured.  Th**  continuing  decren  e 

of  eye  static  pressure  below  that  wh'ch  exists  with  2j3  *  indicates 
continuing  increase  in  sec  nriary  pumping,  and  c  nseouently  gross  thrust 
beyond  *hat  which  occurs  at  the  maximum  overall  performance  point.  This 
cortinued  ncreare  in  secondary  *hru:  t  is  offset  uy  increased  augmenter 
diffusion  losses,  and  consequent  increased  interral  aug mer ter  irag. 

The  flow  -egirry*  at  2J  *  1  li°  was  unstable,  and  fccasionally  reverted 
to  the  unseparated  or  fully  attached  state.  At  ?}j  ■  1  ^  separation 
occurred  over  approximately  1  /It  of  the  augmenter  wall,  while  flow  remained 
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attached  to  the  opposi*e  wall,  Fig.  .  However,  *he  stalled  region 
could  b**  easily  diverted  to  either  augmenter  vail  by  sac-jentari ly  Insert¬ 
ing  a  flat  vane  at  a  slight  angle  of  attack  near  the  augmenter  center¬ 
line.  This  fact  Indicated  the  stall  was  not  an  augmenter- primary  Jet 
misalignment  problem.  The  augmenter  separation  was  accompanied  by  an 
abrupt  increase  of  about  10"  H  ,0  in  eye  s*atic  rressure  to  -21"  H^O), 

indicating  a  sudden  decrease  of  secondary  pumping  and  an  accompanying 
loss  of  performance. 

Maintaining  all  parameters  constant,  while  increasing  to  lM°, 
moved  ’he  roin’  of  separation  urstrexm  to  the  a  ;gmenter  throat  where 
♦he  rlow  on  one  side  was  attached  ov«»r  a  vry  short  length  of  the  throat, 
Fig.  whllo  the  eye  rressure  increased  further.  The  stalled  region 
at  this  configuration  was  quite  stable,  although  it  could  still  be  d i- 
verted  by  a  vane  •o  ei'iep  wall.  Almost  ^  h  of  *he  total  augmenter 
exit  area  was  occupied  by  this  serarated  region. 

1.2.2  2-D8  2c  -  30° 


Maximum  2-0  out  of  ground  effect  performance  was  obtained  with 
the  2r  ■  30°  primary  let,  which  •  roduced  an  uncorrected  thrust  augment¬ 
ation  of  1.2Q.  The  augmenter  configuration  required  to  achieve  this 

performance  has  a  secondary  area  ratio  fo  )  of  lij,  an  augmenter  diver- 

c 

genee  angle  '2,3)  of  m  ,  and  a  nozzle- augmenter  sparing  parameter  fS) 

of  1  .  The  data  is  presented  in  Figs.  Q  and  10  for  S  equal  to  0  and 

10  respectively ,  showing  thrust  augmentation  as  a  function  or  total 

area  ratio  ( a  a,  for  several  values  of  a  between  10  anc  t0.  Cross 
c  d  c 

riots  for  constant  diffuser  area  ra*io  'n,  are  over-rrinted  in  red  on 

d 

these  figure  .  As  augmenter  wall  length  was  maintained  constant  in 

these  tests,  the  line  of  cons*  ant  o.  also  represents  constant  9  in- 

c 

ciicated  by  data  symbols).  The  solid  red  curves  show  thrust  augmenta- 
*  ion  a*  a  constant  ,  while  the  broken  red  curves  through  the  con¬ 
stant  a  curves  permit  separation  of  a  and  o  effects  to  a  limited 
c  c  d 


dsgreo.  Lower  and  higher  values  of  o  were  not  Investigated  due  to  the 

c 

nature  of  the  resulting  flow  regime. 

The  optimum  conf lguratlon  for  the  2c  *  30°  model  resulted  In  a 
slight  angle  of  Incidence  between  the  primary  >to  and  the  augnenter 
^alls  'c-0  •  Ji°).  In  the  case  of  2c  *0°,  the  angle  of  Incidence  was 
also  h*  .  The  configuration  was  conducive  to  a  stable  flow  pattern  with 
an  augaenter  boundary  layer  sufficiently  energised  to  prevent  augmenter 
separation  at  the  large  20  angles,  and  with  maximum  effective  secondary 
pumping  Fig. 

Maximum  augmentation,  0,  occurs  at  a  value  of  20  a  few  degrees 

less  than  that  at  which  augmenter  wall  separation  initially  occurs,  a 

character iatic  common  *o  clinging  flow  phenomenon.  Separation  occurred 

at  diminishing  values  of  29  or  o  ‘  as  o  was  ncreasod,  which,  In 

d  c 

effect,  increases  *he  Jet-wall  spacing  parameter,  and  consequently  de¬ 
creases  Soundary  layer  energization.  Reduction  of  'he  nozzle- augmenter 
spacing  parameter  (S)  below  10  to  reduce  the  installed  volume  causes  a 
small  perf  rnance  loss  2  pis'.  This  trend  reverses  that  observed  in 
^-D  tests,  and  is  attributed  to  the  restrictive  nature  of  the  two  dimen¬ 
sionality  in  the  2-D  secondary  flow  passage.  The  influence  of  S  is 
demonstrated  further  by  a  comparison  of  maximum  augmentation  rerformance 
in  Figs.  9  and  10.  At  -0  Fig.  9  ,  optimization  requires  a  larger 

c  16'  than  *  he  -  *  10  case  (o  ■  lit ' ,  while  the  best  29  is  reduced, 
c  c 

Tho  maximum  performance ,  as  indicated  by  Fig.  10  occurred  at  20  -  1  f  , 
or  -  lii  and  -  2C.  At  this  point  the  eye  s'a'ic  pressure  was  -2C"  H„0. 

Further  testing,  holding  ■  lh  constant  and  increasing  20  i.e.  o^  , 

resulted  in  a  reduction  in  augmentation  with  eye  pressure  increasing  only 
slightly.  This  indicates  pumping  and  diffuser  action  have  reached  a 
maximum  and  wall  friction  losses  have  increased  *o  reduce  augmentation. 
Separation  was  first  detected  at  20  of  arrroxima* ely  20°.  This  initial 
stall  condition  was  similar  to  tha4  observed  with  the  2a  -  0°  model  with 
an  unstable  point  of  separation  on  the  lower  section  of  one  augmenter 
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wall.  Increasing  2p  by  approximately  ‘  with  o  still  held  constant  at 
li. ,  moved  the  point  of  separation  upstream,  to  a  fixed  position  down¬ 
stream  of  the  augoenter  throa*,  and  resulted  in  a  region  of  stable,  fully 
developed  still  which  covered  essentially  half  of  the  augsienter  exit 
area.  At  larger  val.es  of  o  seraration  occurred  with  s-allcr  2p  angles, 
'ni’ial  stall  Is  Illustrated  in  Fig.  3  where  the  tuft  is  carried  up¬ 
stream  by  the  recirculating  flow  in  the  stalled  region.  The  tuft  be¬ 
havior  in  this  configuration  indicated  an  unstable  flow  regime. 

Performance  under  ’he  stall  conditions  is  obviously  poor.  Sev¬ 
eral  detrimental  factors  are  involved  in  this  undesirable  performance 
region  including  a  sharr  decline  in  secondary  rumring  and  diffuser  action, 
and  a  large  increase  in  shearing  forces  between  the  -ain  How  and  *he 
stalled  region. 

3.?.’  ^  B  ?c  ■ 

Maximum  augmentation  rerfcrmance  with  2n  •  60°  was  achieved  with 

an  augmenter  having  2p  •  1 jC ,  no,  •  16,  and  T  •  10.  The  performance 

c  d 

curves  are  given  in  Figs.  11  and  lc  for  *  0  xnd  10  respectively  as  a 

function  of  a  a,  for  constant  values  of  a  .  Again,  o  is  cross-plotted 
ccl  c  d 

as  in  the  previous  2c  •  ^0°  case.  1  he  family  of  curves  Fig.  1.  )  pre¬ 
senting  the  or*  inum  configuration  •  10)  indicates  *hat  performance 

improves  gradually  with  increasing  a  a,  for  a  constant  value  f  a  ,  which 
*  c  d  c 

is  a'*  sally  an  increase  in  diffuser  area  ratio.  ince  the  augmenter  wall 

length  was  c  nstant  in  all  these  2-T  te?*  an  increase  in  a  n  entails 

c  d 

increases  In  2p  i.e.  )  as  noted  by  the  cooing  of  the  data  points.  This 
in'erdependence  of  *he  parameters  does  not  permit  selection  of  *he  rarameter 
m  s*  critical  to  optimum  performance  on  the  basis  of  da*a  obtained  in 
this  study  alone. 

With  5  ■  Fig.  1‘  fie  change  ir  optimum  performance  was 
seen  e^weep  r  -  1.2  and  1.  2g  cr  to  20°  for  all  values  of  a  in- 
ves'igated.  The  *  hrus*  augmentation  was  lightly  less  ‘han  that  obtained 
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with  S  •  10  as  in  the  2a  *  3  °  case.  Stall  was  not  experienced  with 

the  2c  •  60C  ,  although  2d  was  increased  up  to  h2°  and  o  to  22.  In  all 

c 

configurations  tested,  the  partially  mixed  primary  <et  adhered  to  the 
augmenter  walls  .maintaining  an  essentially  "plane  Jet"  flow  throughout 
the  length  of  the  augaenter.  As  previously  noted  in  the  discussion  of 
the  2c  •  0°  model  paragraph  *...!.  ,  ir.rr  ved  rerforr.ance  required 

diffusion  and  mixing  o'  the  •  rimary  'low  with  ’he  induced  flow  I*  is 
seen  in  Fig.  ’  that  this  tyre  flow  regime  was  no’  achieved  in  this  case. 

The  2c  •  6 0°  bellmoOh  **ve  static  pressure  hthaved  similarly  to 
that  observed  w  i’h  .  *  H  c  w 1 1 v  similar  ‘  anges  *n  geometry  except 

that,  *n  general ,  ’he  press  ire  at  ’re  *»ve  was  not  as  low  a.  in  ’he 
2c  •  30l  case.  This  observation  implies  re  *  seed  nollnouth  pumping 
and  inferior  aigmenter  rerf  rmance  "he  lat’^r  is  noted  a i mo  by  re¬ 
viewing  the  perr  manco  e  r*ve.«i  rig  ..  an*  ~> ' . 

The  xngle  or  ir.c**  »>  ■  the  :n  :e*‘l.'Cteci  primary  *et  and 

’he  augment*.-  wall  rc  was  of  •  h.e  r  !*r  c  2i,  in  ’he  bes’  ?r  •  ti 0 

”onf iguration.  This  value  is  mu"h  greater  by  i  than  that  encountered 

wi’h  2c  *  r  /c  U  \  and  uni  ubte*ly  \  is****  greater  fluid  shear 

stress  a’  the  wall  with  onset  jent  higher  sses. 

Fig.  12  shows  that  optimum  :  e-form-xur*  ’  .rs  it  oJ  of  l.S  for 

d 

2c  “  60  ,  while  a*  2c  ■  and  <0  the  best,  a,  was  on  ’he  or  er  of 

d 

1 .  b  Fig.  ’  and  l.”  Fig  10  \  perpectively  I *  is  b»>l  i*»ved  that 

optimum  1 .  should  increase  c<  ntinuouslv  with  2r*  on  the  basis  of  ‘do -tin's 
d 

work  Pef.  ,4  which  imt  1 1 **s  -  n  *he  orue-  f  2  f  r  2c  *  It  is 

d 

obv  io  *>  * v  at  this  t re*'  *  •  as  *y  t  ~  **y.»d  'n  *  •  ■  s  w  pk,  per  i r>  the  ,’c  ■  ef 
performance  exemplary. 

O 

The  cause  of  •  h.e  ever  -  ai  1  ro;  r  :  erf-  rman  °  ’  •  air.ed  w  i tv  2c  *  to 

i  no*  complete  ly  mders*  . ,  *  i  s  *  e]  ieyed  he  he  largely  attr  1b,*  able 

*o  3“  1  er  *  *  p;  f  *he  ir'.mav  :,.?.?,Ie  :arame*er  .  \  and  ***t  aspect  ra’ic. 

b 

In  tvep  w  res ,  •  he  •  i  e  *  -p  and  asr  ec  ♦  rat:  r  f  r  the  2-1  primary 

no7?le  precludes  the  use  ;  *>  suffi  *iep.tlv  large  val  :e  of  n  with  ad- 

c 

equate  un.iary  layer  energira’i  n-low  v  *o  taKe  '.11  advantage  of  the 


larger  values  of  2$  That  were  Indicated  possible.  Further  work  in  this 
particular  area  should  reveal  significant  increases  in  thrust  augmenta¬ 
tion. 

3 .2.U  ?-D  Primary  Vozzle  Performance 

^aeh  of  the  thr-e  primary  nozzles  was  tested  with  the  side  plates 
cut  off  downstream  of  the  nozzle  exit  rlane  to  determine  basic  nozzle 
*f  ric  ie.ncy . 

Each  nozzle  of  'he  primary  assemblies  was  individually  tested  to 
determine  the  actual  tbrjp’  vector  along  ’he  Jet  axis  (not  the  axis  of 
symmetry  of  the  assembly  .  Comparison  of  this  measured  thrust  with  idoal 
thrust,  in  the  same  manner  as  t  is  determined,  defines  the  combined  nozzle 
and  turning  efficiency.  The  efficiency  of  each  c- D  nozzle  is  presented 
in  Fig.  13  along  with  oth«r  pertinent  primary  nozzle  characteristics. 
Truncating  the  nozzle  assemblies  wan  req  ired  to  achieve  accurate  Jet 
thrust  readings.  Truncating  the  side  plates  eliminates  the  augmentation 
due  to  bellmouth  rumring  by  destroying  the  eye  suction  with  unrestricted 
access  of  ambient  air. 

ahen  2a  is  greater  than  zero,  the  thrust  performance  of  the  primary 
nozzle  assembly  along  its  axis  of  symmetry  is  of  considerable  interest. 
Such  information  would  evaluate  the  "aerodynamic  turning  "efriciency  of 
the  system  in  converting  the  initially  divergent  primary  Jets  to  a  par¬ 
allel  'or  cylindrical  in  1-D^  Jet  wake,  thus  eliminating  any  cosin*  lo^s 
due  to  ini'ial  Vt  divergence,  lo  determine  such  an  efficiency,  M 
thrust,  bellmouth  thrust,  and  si:e  plate  thrust  loss  must  be  separated. 
These  components  are  interdependen* .  In  *he  ?-D  case  side  plates  are 
necessary  to  maintain  the  sink.  The  sink  is  caused  by  the  bellmouth 
flow  mixing  with  *he  primary  'et  and  simul taneous iy  sweeping  away  the 
flow.  The  sink  provides  the  pressure  differential  that  produces  aero¬ 
dynamic  turning  of  the  divergent  Jet,  and  is  inter-related  with  the 
pumping  that  produces  bellmouth  thrust.  It  is  difricult  to  determine 
wall  friction  loss  with  s.ffi^ient  precision  to  give  reasonable  accuracy 


to  the  computed  v»r odvr-wic  turning  efficiency.  Determination  of  the 
net  bellmouth  thrust  Is  equally  difficult,  but  rrelininary  da»a  indicates 
good  aerodynamic  turning  efficiency. 

).2 .5  Ground  Effect  2-D 

1  series  of  ad’ustihle  vanes  were  installed  on  the  optimum  2a  *  o0° 

?-D  model  with  the  factor  conf  1  juration  (o  -  2ii ,  2j  m  15°,  S  •  10, 

c 

a  o  -  Ui.t  in  an  afempt  *  o  improve  rerf  rmanco  in  the  transition  regime 

c  d 

'  h  •  ,i"  'o  h  '  ?v  c  rved  van**.'!  were  installed  at  the  bellaoulh  to 

control  *he  ‘"11  mouth  flow  as  desired  iitigle  ''la*  vanes  were  similarly 
installed  tn  ach  secondary  flow  t  assage  between  the  augments  inlet  lip 
and  the  nozzle  plenum  Four  short,  flat  vanes  were  installed  on  eiui- 
:ist  wt  r r» *';•#» r s  slightly  ah  ve  the  augment**?  exit  r  1  ane  *o  control  the 
combined  ''low  The  modified  m<*iel  is  shown  in  Fig  1.  For  :  ir:os<*s  of 
et-*aris  n  this  elector  was  inf tally  investigated  in  ground  effect 
without  vanes  installed.  Fig.  IS  shows  a  loss  in  •  erf<.  rr.ance  up  to  *0 
points  for  this  cr  nf  /  .ration  w*  icn  is  very  similar  *o  tha*  observed  in 
’  h  e  Phase  *  :  tests  wfh  the  U*  ,  /c  ■  model  ( see  Fig.  S,  Appendix  II  . 

o 

The  mo 'el  was  ofsn  r’/eri  over  a  •**  md -errec '  range  or  h  •  1"  to  PC" 

"he  Infer  1  lml*  was  imrosed  *y  •  he  je»v*h  of  'he  model  side  rlate 
" v  e  performance  r  r  maiiz*»t  with  r«srec'  •  o  on*  or  ground  effect  r«*r- 
f<  rmanre  The  v-aned  rerf  rmanre  is  normalized  'o  out  of  ground  ef r«>c* 

!*•{  f  rmanre  with  ‘he  o:  *  mum  vane  set*  r.g .  *  »  r°s  ve  •»•*»  e  f  rect  of  ane 

losses  from  tv  e  a’a,  w*  h  were  not  lorigned  f  c r  aorr  ivnamic  rl.-anlln- 

e  s ,  hut  rn*  her  for  tes*  •’xteiii-nrv  rcr  the  record,  the  loss  imposed 
!  v  ' h.e  van**s  on  'he  .» *  r  v'es  was  rn  ‘he  or  ier  r  eleven  per  ent. 

f  *ke  .nv aned  err  rmanre  e  curve  which  'escrines  'he  vaneri  e'oc- 

*  nr  rerf  -rmanre ,  was  obtained  tv  an  listing  the  vane  systems  for  oj  Mmum 
rerf<  rmance  a*  each  val  ie  of  gr  und  r.tparancp  investigated. 


rhe  ground  ' learanr e  'as  n  *  n'  rmalized  in  this  report  because  f 

ark  r  i  sif  *'i  ’  lent  i  y  chara~  *  eg  in  *  lc  reference  dimnnsi  n  The  exit 
iiamet»*r  ’  .  f  this  <-T  a’gmen'er  was  h.Q", 

e 


Performance,  from  h  •  t"  to  0.3"  inclusive,  was  controlled  prim¬ 
arily  by  the  vanes  installed  rear  the  augmenter  exit  in  a  configuration 
as  seen  in  rigs.  11*  and  15.  Optimum  vane  alignment  had  the  inboard  vanes 
forming  a  closed  "V"  shape,  which  created  a  vortex  pair  system  in  the 
central  portion  of  *he  augmenter,  and  largely  reduced  the  amount  of  reverse 
flow  up  the  center  of  the  au grantor.  The  base  pressure  acted  on  the 
closed  vanes  to  give  a  vertical  thrus*  component,  Optimum  outboard  vane 
positioning  began  with  these  two  vanes  approximately  parallel  to  the 
augmenter  wall  out  o'  ground  effect.  Then,  the  learning  edge  was  rotated 
toward  the  augmenler  wall  as  ’he  ground  clearance  was  roduced  until  ’he 
vanes  at  h  *  0.1”  were  inclined  30°  to  the  ground  plane,  see  rig.  153. 

Flow  ooserva*  ions  indica’e  »he  outboard  vanes  act  to  t  :rn  the  let  in¬ 
board  thus  creating  a  higher  base  pressure. 

The  bellnouth  var.es  were  found  ‘o  be  effective  onlv  at  h  <  0.3" 
after  the  bell.mouth  pumping  was  destroyed  by  the  build-up  of  static 
rresr.ure  in  the  augnenter.  'losing  the  curved  bellmouth  vanes  so  ..hat 
they  effectively  blocked  'he  be  1 1  mouth  rrovirini  additional  surface  on 
which  the  base  pressure  could  act.  These  wei  co^’ribited  m  a  large 
rart  to  tie  ap-roximate  point  increase  in  erformance,  'see  Fig.  Ih3. 
<VUh  h  >  1  .3"  ‘lie  eve  vanes  w#>re  aligned  te  ecnr  rm  with  the  least  dis¬ 
turbance  to  tv  e  nye  fl  ow  ri‘*lc,  utilising  *  h.e  maxim  .m  •  hrust  measurement 
as  tie  alignment  criteria. 

Augmen’er  inlet  vape  poc  :  *  toning  was  not  critical  to  rerf  rnance 
at  the  ground  clearance  invest iga’ed  except  when  the  Vl  lmouth  vanes 
we**o  closed.  This  pe  *ime  is  iemon  trated  by  tuft  in  Fig  lb.  deyond 
*he  20°  limit,  a  ’hrust  perrease  was  okser  v a1  e  as  ’he  vanes  were  moved 
closer  ’o  the  blocked  ros'.’ion  The  thr  :r  t  loss  in  ground  efrec*  with 
closed  a ug renter  ini***  vases  varied  with  h  and  was  approximately  lOf 
’o  lh£  of  the  open  vane  rosi’im  perfcrmar.ee. 

3.  3  3-D  Model  Program 

It  is  no’  possible  ‘o  maintain  all  geometric  parameters  c  nstant 
when  scaling  from  two-dimensional  ‘o  three-dimensional  geometry  This 
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conversion  or  scaling  is  difficult,  even  when  ejector  pb^nowna  are 
not  included  in  the  flow  system  for  instance,  The  correlation  of  2-D 
and  3-D  diffuser  data  without  the  influence  of  elector  phenomenon  . 
Scaling  2-D  to  3-^  ge  ntry  increases  in  dif^icu.ty  as  the  2-D  con¬ 
figuration  deviates  on  either  axis  fron  a  square  co.nf iguration.  ^ben 
the  ejector  phenomena  are  also  included  in  tie  scaling  problem,  the 
additional  parameters  of  the  ratio  of  primary  *et  area  to  augmenter 
inle*  area,  and  the  ‘et-wall  spacing  parameter,  etc.  r.v.o  it  ex- 
trenely  difficult,  if  not  impossible,  to  scale  effectively  from  «.-D 
to  3-D  configuration. 

3.3.1  Matching  of  Augmenter  Configuration  to  Primary  Sozzle 

The  initial  >-3  augnenters  designed  for  use  with  the  2c  •  ;>li° 

nozzle  were  based  on  ’he  preliminary  results  of  the  ?-!)  tests.  These 

tests  indicated  that  a  value  of  2j  ■  15°  xnd  a  between  22  and  26 

c 

w  uld  operate  successfully  w  *h  the  2c  •  5Jj  ,  1-1  nozzle.  3-D  »es*s 
using  ’hose  a  ./-.enters  failed  to  duplicate  ‘he  flow  regime  obtained 
in  the  2-P  *estn.  Speci rical iv,  i*  was  not  rossible  *o  achieve  at¬ 
tached  flow  throughout  *he  augmenter  tube.  The  length  of  these  2J  •  1  5* 

augnenters  was  varied  over  a  range  f  '/T  •  ii  *o  less  than  1.0  which 

a 

in  •  irn  reduced  from  1.2  to  1.  .  Tests  of  such  configurations  also 

U 

failed  to  give  an  acceptable  flow  regime,  indicating  over-expansion 
was  not  the  cause  of  the  difficulty.  Th°  observed  eye  treasure  also 
indicates  that  inlet  wach  'lumber  was  not  criti  a  .  .he  observed  stall 
area  encompassed  between  1  h  and  1  2  of  the  circumference  of  the  aug¬ 
menter  exit,  and  The  larger  stalled  region  occurred  with  the  larger  o  . 

Decreasing  // T  ,  at  \he  sam«  value  of  2p ,  improved  flow  stability  and 
a 

increased  tnrust  au^mer.tatitn  s]  ghtly  in  *his  case  bv  reducirg  the 
length  of  stalled  augmenter  lower  drag  .  Accurate  *  trust  measurements 
were  dif^ic  lit  tr  obtain  due  to  turbulence  involved  in  the  unstable 
flow  regime,  which  caused  large,  uneven  rl  ;c*uati  ns  in  thrust  scale 
readings.  The  -nneral  perf  rmar.ee  leye]  aid  no*  warrant  further  in¬ 
vestigation  at  this  val  :e  of  .  g.  ‘her  testing  with  2J  ■  15  used 
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available  augmented  with  o  as  low  as  19  to  increase  boundary  layer 
energization.  At  o  •  19  the  Jet-wall  spacing,  y,  was  essentially 
zero.  This  reduced  y,  or  increased  boundary  layer  energization,  did 
not  produce  a  stable  flow  regime  at  2£  *  1  *  . 

3. 3. 1.1  Soling  Difficulties 

The  scaling  difficulties  encountered  with  the  2p  •  15°  aug- 
•vtnters  indicated  a  basic  difference  between  the  flow  mechanics  o'*  the 

2- D  and  3-D  models.  In  the  -D,  2c  •  60°  model,  the  primary  jet  clings 
to  the  augmenter  wall  in  essentially  one-dinensional  or  plane  Jet  rlow 
with  little  or  no  diffusion  action.  Also,  there  the  tot  has  no  tend¬ 
ency  to  spread  or  cif‘\jse  rorirherally  across  *he  side  plate.  The  be¬ 
havior  of  the  flow  is  essentially  that  *Mch  occurs  when  a  let  is 
turned  by  clinging  to  an  adjacent  curved  surface.  In  the  case  of  the 

3- D  model,  the  Jet  is  a  continuous  fluid  sheet  which  clings  to  the 
periphery  of  the  augmenter' a  circular  cross  section.  As  this  flow  con¬ 
tinues  through  the  augnenter,  it  is  required  to  expand  c ircunferenti al¬ 
ly  as  well  as  laterally  to  nain'ain  attachment  to  the  augmenter  wall. 
Consequently,  at  ,v,e  same  value  of  it  can  be  expected  that  consid¬ 
erably  greater  diffusion  is  required  of  'he  primary  Jet  to  maintain 
attached  rlow  in  the  3-D  case.  This  basic  difference  is  believed  to 
explain  the  scaling  difficulties  encountered  between  2-D  and  3-D  con¬ 
figurations  of  the  type  investigated  in  this  program. 

The  static  pressure  meas  ;r«d  at  'he  bellmouth  eye  in  the  2-D 
and  3-D  cases  lenns  interesting  support  to  this  contention.  The  3-D, 
i'n  *  ->ii°  eye  static  presr  re  depression  was  of  the  order  of  2  to  2.$ 
times  that  in  the  2-D,  2c  -  60°  case.  This  difference  in  eye  pressure 
indicates  considerable  discrepancy  in  ‘he  bellmouth  pumping  and  aug¬ 
menter  performance.  The  reasons  for  roor  performance  of  the  2-D,  2c  ■  60° 
model  were  discussed  in  paragraph  3.2.3. 

3. 3.1.2  Optimum  Augmenter  Conf lguration 

At  this  point  a  second  series  of  augmenters  available  from 
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parallel  program  were  reared  with  •  6  ,  10(  ,  and  12°  and  a  range 
of  21  to  28.  A  naxlaum  performance  of  p  •  1.1*9  was  obtained  at  S  •  0 
with  a  2*3  ■  w<?,  a  -21.8  and  a  a  •  1*2.3  augmenter  geometry.  A  typical 

C  C  fl 

3-D  teat  aet-up  with  the  2n  •  SI*0  primary  nozzle  and  a  2*3  •  10°  augnenter 

at  S  •  0  la  ahown  In  Fig.  I7.  Fig.  18  ahcwa  'he  detalla  of  the  primary 

nozzle  outlet.  flg.  19  preaenta  the  thrunt  augsentat ion  of  theae  two 

augment ers  (2:1  •  8°  and  10°)  aa  a  function  of  a  a,.  The  variation  In 

c  a 

o  a,  la  obtained  by  reducing  the  length  of  the  augmenter.  Unea  cf 
C  u 

constant  / 'D  are  croaa-rlotted .  It  was  found  that  high  aivmentat  ion 

a 

depended  upon  careful  aligner, t  cf  *he  -rinary  nozzle  -and  au/nenter 

ce-terl inea.  Thi  aigmenter  alignment  waa  -ade  on  the  baaia  of  maximum 

thruat  readinga.  eith  2;1  *  10°,  a  -  22  augmenter,  a  alight  lateral 

o 

misalignment  1 C  r  resulted  in  augawnter  aeparatlon.  The  2}i  •  , 

ct-21  augmenter  waa  leaa  aer.aitive  to  alignment  than  the  rrevioua  case, 
c 

but  flow  could  alao  be  detached  by  a  mi aal ignrwnt  of  only  St  D^. 

3.1.1..  .1  Effect  of  b  n  Elector  Performance 

A  aer lea  of  teats  was  conducted  with  the  2:3  •  8°,  a  -  21 

c 

augment er  to  determine  *he  effect  of  the  nozzle- augrvtnter  .racing  para¬ 
meter  on  »■  .lector  *hrust  au/nen’ation.  Thi.a  test  indicated  j  •  0  ror 
maximum  thruat  performance  see  Fig.  20  .  Values  of  above  and  below 
this  roin*  caused  a  narked  performance  decline.  Aa  was  observed  in  the 
<-L)  cr»>,  ,2c  -  and  2r.  -  3(~°  model  maximum  performance  was  similarly 
achieved  in  M  with  the  value  a  few  degrees  less  than  that  which 
:  rocuced  seiaration.  At  ?,•  *  and  -  28  completely  attached  flow 

was  not  obtained.  Further  investigation  cf  ~  between  21  and  g8  f 2.3  -  8°) 

c 

would  u u i * e  rrobably  uncover  a  onnfi guration  of  superior  performance . 

At  2;J  *  l.°  the  same  rroMem  cr  diffuser  '-erarat.ion  occurred  as  a*  2/  -  1°. 

1.1.2  "round  Effect  EValuat  ton  -  1-U 

While  a  conf  igurat  ii  n  was  not  achieved  with  augmentation  sup¬ 
erior  to  that  or  Phase  IT,  it  was  believed  of  interest  to  °val  .afe  t,he 
greater  values  of  2p  ard  2c  lr.  ground  cfrect  with  3-D  c  nf igur ations . 
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3. 3. 2.1  Primary  Vozzle  Alor.e 

Ground-effect  testa  were  first  conducted  with  the  2c  • 
primary  nozzle  alone  to  provide  a  comrarison  for  later  work  with  aug- 
•vnters.  Ground  clearance  was  found  To  affect  adversely  thrust  augment¬ 
ation  of  *he  primary  nozzle  alone  up  to  a  clearance  of  13"  or  5D  as 

9 

shown  In  Fig.  21.  Ordinarily,  ground  effect  on  cunventlonal  rroreller 
4et  lift  systems  Influences  performance  only  between  1.5  to  2. C  dia¬ 
meters  clearance,  "he  divergent  •  rimary  4et  had  a  characteristic  un¬ 
stable  bellnouth  pumping  with  occasional  flow  reversal  in  the  2"  **  h'  <  13" 
region.  Pelow  h'  •  2”  thrust  fell  off  at  a  r.uch  higher  rate  as  the 
nozzle  vel  1-outh  **y#  '’low  alternated  in  and  out  of  the  eye  at  a  regular, 
increasing  frequency.  This  frequency  reached  a  maximum  of  aprroxina’o- 
ly  1,000  ers  at  h1  •  l.C".  At  h'  •  1.0"  negligible  secondary  pumping 
occurs  over  ’he  be 11 mouth  surfaces,  while  the  ’’low  was  completely  re¬ 
versed  ir.  the  eye  rrorer.  In  proximity  'h'  2"  with  the  ground  plane, 

a  low  rressure  region  of  aprroxlmat ely  -(  .trt  H  f  is  created  under  the 
nozzle  plenum  assembly  by  ’he  circula’ion  of  ambient  air  caused  by  the 
pumping  of  the  primary  4et  as  it  flows  outwardly  along  ’he  ground  plane 
This  low  pressure  acting  on  the  lower  side  of  the  nozzle  naturally  con¬ 
tributes  to  the  loss  in  ’brunt  augmentation.  Consequently ,  at  h'  ■  0.3" 

’he  thrus*  augmentation  is  only  . ^  compared  to  the  out-of-ground  effect 
performance  of  l.Oc. 

.3.  .2  Complete  F'ect  r  Assembly 

i  ■  ■  i  — —  -  I 

esting  was  consulted  with  th«*  two  augmenters  exhibiting  the 

bes*  out  f  ground  effect  : »»rf ormance  ■  P  ,  a  *•  21.  ’ ,  and  2d  *  If*  , 

c 

c  •  <i.  ’  *o  determine  *heir  in  groun  i  effect  and  ’pans  it  ion  performance 
c 

character!  ’ics.  This  nata  is  -resented  in  rigs.  21  and  22  for  these 

augmenters  a*  several  val  .es  of  f  T  .  It  is  interesting  to  note  that  the 

a 

augmenter  length  v  ad  lit’le  eff-pct  on  the  elevation  h'  of  the  nozzle 
exit  plane  at  which  ground  proximity  erfected  elector  performance.  This 
elevation  h'  was  approximately  1"  or  QT;  ror  both  augmenters.  This 

3 

suggests  “  at  ’he  flow  system  is  dependent  or  a  characteristic  length 
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downstream  of  the  primary  nozzle  which  is  greater  than  the  length  of  the 
aignenter. 

Figs.  21  and  22  also  show  performance  increasing  sharply  with 
h  *  1"  for  each  A/D  ar»er  a  gradual  decrease  f rcaa  tne  out  of  ground 
effect  performance  »est. 

As  has  been  d lscussed  previously,  i‘  was  believed  lha*  increased 
ai^nenter  exit  area,  in  effect,  increased  "base- area”,  would  give  lm- 
r roved  thrust  augmentation  close  *o  the  ground.  ruch  increased  exit 
area  can  be  achieved  ^ro  /h  variable  a  *r.en ter  georetry  or  operation 
at  large  ,i's.  ?  g.  23  presents  the  thrus*  augmentation  characteristics 

and  as  a  runction  of  augrsenter  exit  Jiar.eter  at  low  values  of  h  h  <  .3'- 
As  2j i  was  constant  at  8°  and  10(  ,  the  change  in  area  is  achieved  by  a 
change  in  t/ D  .  In  proximity  h  <  0.1"  to  the  ground  plane,  a  large 
back  pressure  bull  is  up  at  \he  aufmcnter  exit  since  'be  .augmcnter  is 
essentially  stalled.  Elector  action  is  negligible.  Bel  1 mouth  rlov  pump¬ 
ing  action  ceases,  followed  vy  a  reversal  of  the  primary  Jet  out  the 
secondary  flow  inlet.  This  flow  regime  is  characterized  by  increased 
static  pressure  along  the  augmonter  walls  which  provides  the  increased 
thrust  a  jgment  ation.  The  'erfcrmance  is  not  slgnif  icintly  different 

from  that  encountered  in  :>hase  II  program  with  2c  -  ,  a  ■  10,  t  'D  •  3. 

c  a 

This  is  shown  in  rig.  5  of  Aprendix  II. 

On  ’he  basis  of  /-I  testing,  ‘he  instal  ation  of  vanes  in  the 
primary  1-D  nozzle  bellmcuth  and  the  aigmenter  exit  would  produce  im¬ 
pressive  performance  gains  in  ground  effect. 

i . li  Full  fa  ale  Elector 

The  full  scale  ninetcr  is  shown  in  Fig-  2  of  Appendix  II.  In 
conjunction  with  the  required  maintenance  runs  or  the  J-llj,  which  is 
‘he  primary  gas  generator  for  the  rull  scale  elector,  a  minimum  rrogram 
was  undertaken  to  inves*iga‘e  ‘he  bellmou‘h  secondary  rlow  characteristics. 
The  initial  o'  Active  of  ‘his  ^rogram  was  *o  nves’iga'e  further  ‘he  dis¬ 
crepancy  between  full-scale  and  i-  model  rerfcrmance  «nc  ourrere  j  n 
Phase  II.  Preliminary  smoke  • is ual izaticn  urvey  indicated  separation 
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at  the  b«lljtouth  lip.  The  hellr.outh  lip  uu  instrumented  with  three 
*otal  pressure  rakes  (Fig.  2L  ,  each  consisting  of  four  variable  height 
rrobes  to  aid  in  the  evaluation  of  lip  losses  and  subsecuen*  lip  Mod¬ 
ifications.  These  total  pressure  rrobes  were  racially  aligned,  parallel 
to  'be  lip  surface,  thus  enabling  *ressure  measurements  at  desired  in¬ 
tervals  up  to  ljH  above  the  surface.  Static  pressure  taps  were  located 
at  each  rake  station. 

Due  ?o  the  disccnt  nuity  rresent ed  to  the  inlet  potential  flw 

by  the  original  sharp-edged  hellr.outh  lip,  ’he  angle  of  attack  at  the 
outboard  rake,  which  overhangs  the  lir  by  C.->  inches,  was  of  the  order 
of  hS°  based  on  flew  visualization  studies.  Consequently,  error  of 
largo  nagnitu  :e  can  be  exrected  in  the  da’a  from  these  rrobes  prior  to 
lip  modification.  The  sharp  hellr.outh  lip  caused  a  seraration  bubble 
to  begin  at  that  roint.  This  bubble  reached  '-aximum  sire  in  the  region 
of  ‘he  mi ‘die  rake  as  indicated  by  both  total  rressure  •  rofile  and  rlow 
visual ization  studies. 

The  daf  a  obtained  in  thi3  survey  prior  to  Hr  modification  (Fig. 
<?->),  is  of  a  qualitative  na*  :re  due  to  the  general  problem  of  rro'n 
alignment  with  the  streamlines.  The  total  pressure  profile  over  the  un¬ 
modified  lip  surface  indicates  the  total  bead  losses  ire  very  small 

above  2"  from  the  lip  3urrace.  This  general  profile  is  at  the  outboard 

« 

rake  and  continues  with  lit’le  deviation  along  the  instrumented  section 
of  ’he  bel  lmouth  contour.  Follow  ng  the  perefence  tests,  the  bel  lmouth 
lip  was  modified.  The  bel  lmouth  lip  modi  f  Ha*  ion  (Fig.  26)  consisted  of 
extending  the  lip  radially  1]2”  with  a  flat  surface,  ’hereby  essentially 
duplicating  the  riginal  model  configuration  .  .Vhile  this  modification 
also  bad  a  sharp  pdge,  the  rlow  field  area  at  that  point  was  sufficient 
to  result  in  negligible  velocity  a*  the  same  point..  Cor.secuently ,  se¬ 
paration  vanished.  The  lip  rressure  data  obtained  following  ’his  mod- 
irication  Fig.  2b  indicates  ’he  inlet  losses  are  essentially  eliminated 

£ 

The  intent,  of  the  rlat  surface  in  the  original  model  was  to  simulate  a 
w‘ng  installation. 
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by  the  extension.  Flow  visualization  and  lip  pressure  data  indicate 
attached  flow  over  the  bellmouth  as  would  be  expected.  Smoke  flow  vis¬ 
ualisation  illustrates  Fig.  27)  the  secondary  flow  patterns  over  the 
bellmcuth  lip  before  and  after  modificatior. 

The  bellr.outh  was  traversed  at  the  nozzle  exit  plane  before 
and  after  the  lip  modification  to  determine  the  s’atic  and  total  pres¬ 
sure  profile  tha*  would  permit  evaluation  of  the  losses  due  to  lip  separa 
tion.  Four  probes,  two  static  and  two  total  pressure,  were  located  l/hn 
and  1/2"  above  ’he  hellsouth  surface  in  the  nozzle  exit  plane  as  shewn 
in  Fig.  2i .  Adjustable  proves  were  used  to  survey  the  remainder  of  the 
eye.  The  treasure  profiles  obtained  with  these  : robes  are  also  shown 
.n  Fig.  28  both  before  and  aft©r  the  extended  lip  modification.  The 
lip  extension  eliminated  approximately  u5f  of  the  bellr.outh  thrust  loss 
that  was  indicated  by  ’he  Initial  eye  pressure  survey. 

The  magnitude  of  the  ’hrust  loss  rrior  to  lip  mo  tification  as 
tet#*rnined  from  the  pressure  s  jrveys  was  on  ’he  order  of  11  of  the 
primary  je*  thrust. 


} . b  Dat a  Reduction 
3.  .1  Thrust  Augmentat  ion 


Thrust  augmentation  is  defined  as  the  rAtio  of  the  total  measured 
thrust  divided  by  ’he  thrust  produced  by  the  isen tropic  expansion  of  'he 
measured  flow  rate  of  air  from  the  supplied  tofal  pressure  to  ambient 
pressure.  Expressed  in  equation  form  an  follows: 
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to  simplify  data  reduction 
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and  then  multiplying  and  dividing  the  right  hand  side  by  T  ,  and 

osl 


substituting 


V.h.o*  ^  {  7  *J-v  To»l 
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which,  when  appropriate  gas  properties  are  used  for  the  gas  temperature 
involved,  reduces  to 
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V  •  r 
theo  1 


o 

F’ 
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or,  for  gas  properties  at  a  30C  F  •  .2h,  k  •  l.li  for  model  teats  and 
P  F 

a  pressure  ratio  ^2  of  1,7  gives 

1 

29. 1  Vw 
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theo 


which  gives  for  data  reduction  purposes,  the  expression 
F 

0  ' 
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w^  ™ 

3.5.2  Side  Plate  Corrections 

The  .aide  plate  correction  was  derived  and  determined  as  follows 
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Specific  primary  *et  thrust  loss  due  to  side 
plate  friction 


Side  plate  correction  factor 
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,  determined  directly  from  tests  of  truncated  primary  nozzles. 
-  External  pressure  forces  acting  on  bellnouth 
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External  pressure  forces  can  be  expressed  in  terns  of  the  net  thrust  due 

to  the  secondary  flow  af  the  bellmouth  exit  (D1 ) 

8 

Considering  only  first  order  effects 
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Bel  lr.outh 


(p*  -pi  D'  (1.5) 

s  ro  s 
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where  q'  •  p  p' 

^s  ro  's 

and  w  •  V'  D'p  x  1,5 
8  8  8 


or 


Bel  lnouth 


V  ♦  (p*  -  p  ) 

8  r3  O 


substituting  for  V' 


F  •  a.  (p0  -  p;) 


where  1,5  is  the  distance  between 
side  plate,  the  prime  indicates 
conditions  at  bellnouth  exit,  and 
the  subscrlrt  s  indicates  bellnouth 
system 


D  x  1.5 
8 


assuming  one  dimensional  diffuser  flow  In  bellmouth  exit 
by  Bernoulli  *nd  continuity 
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substituting 
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bellmouth 


d;  (i.5)  (*?)2  -p0  -  r5) 
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u. 


CONCLUSIONS 


l.l  The  basis  of  the  2-P  test a  'Jet  wp« ct  ratio,  ©  •  30,  o  •  7.65) 

o 

the  additional  complexity  of  using  2a  >  0°  is  unwarranted.  On  the  basis 
of  data  corrected  for  aide  plate  loasea,  it  was  concluded  *hat  larger 
values  of  ©  or  eye  aspect  ratio)  which  would  minimize  side  plate  losses, 
would  result  in  ortinur.  rerformance  at  2a  in  the  neighborhood  of  30°. 

L.2  From  augmentation  rerformance  determined  in  1-D  tests  (with  Jet 
aspect  ra*io,  f  •  100  and  o  *  7.6  )  the  complexity  of  ?c  >  0°  is  un- 

D 

warranted.  I*  is  hvpo’hesized  on  the  b as  1  s  of  2-D  dn*a  t*  at  s  rerior 
performance  *ould  he  obtained  a*  1  a^ge  values  of  '©?  asr**ct  ratio  by  use 
of  2c  >  CC. 

h.  3  The  addition  of  flew  control  vanes  to  the  ejector  system  can  sub¬ 
stantially  improve  ground  efrect  performance.  The  use  of  vanes  reduces 
the  maximum  loss  of  augmentation  ir  groun !  effect  to  r  (  of  out  of  ground 
*frect  performance. 

li.'n  Vh i  1  e  bellr.outh  lip  separation  is  undesirable,  the  magnitude  of  the 

loss  was  not  of  signiricant  magnitude  when  referred  to  total  performance. 
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la.  SfltUKr 


Thnio  basic  annular  notale  ejectors  have  l>een  tested  In  combination 
with  several  nixing  tubes  In  order  to  determine  the  variation  of  thrust 
Assentation  with  ejector  goonotry  and  to  establish  the  optimum  geometry 
for  design  of  a  full  scalo  ejector  to  bo  used  with  a  tutfojot  cn^ino. 

The  best  augmentation  ratio*  obtnlnod  for  a  mixing  tube  L/D  of  3  was 
1.55.  Characteristic  details  of  tho  annular  nottle  ojoctor  model  wcrot 

2 

nozzle  aspect  ratio,  approximately  100j  primary  nozzle  area,  0.758  inches  . 
Tho  plenum  chamber  supply  pressure  was  ?1  in.  14:  gage.  The  nixing  tubo  for 
this  combination  was  divergent  (Included  angle  8°)  and  tho  ratio  of  nixing 
tube  throat  area  to  primary  nozzle  area  was  9.8. 

As  part  of  tho  determination  of  noar  optimum  ejector  geometry  tho 
following  additional  tests  wore  nado:  (1)  evaluation  of  the  addition  of 
swirl  to  tho  primary  flow,  (2)  determination  of  tho  distribution  of  thrust 
between  primary  nozzle  flow,  boll-mouth  flow  and  nixing  tubo,  (3)  evaluation 
of  tho  effect  cf  a  reduced  plenum  chamt>er  volume  on  system  efficiency,  (lj) 
limited  flow  visualization  studios  to  dofine  the  flow  of  secondary  air  into 
tho  boll-nouth  and  nixing  tube,  and  (5)  incorporation  of  the  Coanda  ejector 
into  tho  bell-mouth  design. 


* 

defined  in  section  6a 
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2a.  INTRODUCTION 


Prior  to  tho  award  of  this  contract,  Hlllor  Aircraft  Corporation 
expended  considerable  effort,  using  company  funds,  to  explore  the  bonoflts 
that  night  bo  obtained  from  tho  annular  notxlo  ejector-nixing  tube  combin¬ 
ation  as  a  thrust  aupumting  sy sten.  Tho  results  of  more  extensive  nodel 
testing,  supported  \ry  tho  Offico  of  Naval  Research  undor  contract  Nonr 
?0iiO(OO),  aro  presented  in  this  report. 

It  is  to  tie  emphasized  that  the  prinary  offort  undor  Contract  Nonr 
28Jj0(00)  is  to  design,  construct,  and  tost  a  full  ocalo  ejector  using  a 
turi>oJet  ongino  as  the  sourco  of  tho  prinary  hot  Jot.  Consequently,  tho 
purposo  of  the  model  toating,  for  which  data  are  presented  in  this  report, 
was  to  establish  near  optimum  geometry  for  this  full  3calo  articlo.  The 
program  was  established  and  performed  within  this  framework. 

It  is  felt  that  results  from  tooting  of  tho  full  scale  ejector  will 
demonstrate  two  things:  1)  thrust  augmentation  figures  which  aro  largo 
enough  to  to  attractive,  and  hence  which  will  encourage  support  for  in¬ 
vestigation  of  such  devices  for  VTCL  Aircraft  and  for  Ground  Effect 
Machines  (GW<)  and,  (2)  a  direct  correlation  or  at  least  n  moans  for 
establishing  correlation,  between  future  model  teats  and  full  scale  annular 
ojectors/ 
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y,  DISCUSSION 


The  basic  model  test  program  was  established  to  evaluate  annular 

nozzle  e.loctors  with  aspect  ratios  (average  nozzle  slot  circumference/ 

nozzle  slot  width)  of  fO.?7,  99*95  and  129,09*  all  with  a  constant  slot 

2 

width  of  0.066  inch.  The  primary  Jet  nozzle  areas  were  0.1*58  in  ,  0,756 

2  2  /• 
in  f  and  0,959  in  ,  which  resulted  in  secondary  nozzle  area/  primary  Jot 

nozzle  area  ratios  of  3*36,  6.6)*  and  9»28,  respectively. 

These  basic  nozzles  were  tested  in  combination  vHth  nixing  tubes  at 
a  supply  pressure  of  21  in.  Hg  gage.  A  typical  arrangement  In  shown  in 
Figure  1.  Fln*r©  2  presents  details  of  the  annular  nozzle  dosign.  Figure 
3  identifies  by  letter  nnd  subscript,  throat  diameter,  and  typo  the  basio 
nixing  tubes  which  were  tested.  Fleure  lj  shows  tvrical  nixing  tubes  tented 
In  this  rror.rn.-i,  with  one  of  ♦hem  mounted  in  the  "dying  tube  purport.  Model 
construction,  pn>r#.fturc  and  data  reduction  are  discussed  in  Arrendix  I, 


The  c mb inat  ions  of  mixing  tubes  and  nozzles  teeiod,  along  wtth  t ho 
augmentation  r  it  p  an*  tahulatod  and  plotted  In  Figure  through  7» 
Figure  6  shows  the  effect  of  area  rat  to  (nixing  tube  throat,  aron/prlmary 


Jot  no/  7 1  e  area,  A, /A  )f  on  thrust  angm<si  t  at  ion  Tor  constant  area  mixing 


tubes  ,at  constant  I,/D  ( long  th/d  l.amet  «r)  ratios.  Figure  7  pre-son  in  the 


same  information  for  diffusing  mixing  tubes. 


In  general,  the  nozzle  with  a' poet  ratio  100,  tented  in  combination 
with  diffuser  typo  nixing  tubes,  gave  the  Pert  performance.  When  used  in 


*  Secondary  nozzle  area 


area  of  the  bell-mouth  throat  (eye  of  the  annulus) 


O 

c 


combination  with  "lxlng  tube  at  an  L/D  ratio  of  $.1  and  an  area  ratio 
of  11#?  thla  notale  gave  the  beat  augmentation  ratio  obtained  In  the 
program,  1,61  (see  Fig.  5), 

The  61  aspect  ratio  nosale  alao  gave  N>tt»*r  performance  when  tested 
in  combination  with  the  diffusing  mixing  tubes  than  when  tested  with  the 
constant  area  mixing  tubes.  Budgetary  limitations  and  th**  difficulties  in 
the  forming  of  such  large  diffusing  type  nixing  tubes  prevented  the  testing 
of  the  129  aspect  ratio  nozzle  with  this  type  of  mixing  tube. 


'f!h on  toiled  In  combination  with  constant  area  nixing  lubes,  all 
three  basic  nozzles  gave  much  the  sane  performance  for  n ini  liar  L/D  ratios 
(Fig.  6).  It  Is  noted  however,  that  tho  dependence  of  inj  roved  performance 
on  area  ratio  increases  with  Increasing  aspect  ratio.  Another  significant 
factor  Is  that  einro  L/D  lo  based  on  the  throat  dimeter,  the  diffusing 
nixing  tube  not  only  provides  a  better  augmentation  for  the  same  exit  area 
but  has  lens  physical  length.  For  oxanrlo,  tie*  const  mt  area  mixing  tube 
may  bo  compared  with  the  diffusing  tube  In  each  c«:w^  Investigated, 

an  Increase  in  the  lopgt h/d latter  ratio,  I  /I),  gave  an  Increase  In  .augmen¬ 
tation.  The  area  of  inter'”, ♦  stated  In  the  r.’TiOI)',CT[(  H  precluded  Vi 
exhaustive  study  of  tins  trend. 


The  spacing,  ted  ween  the  nixing  tube  aril  Hie  rrlmary  nozzle  was 
referenc'd  to  1  tie  <  ct<r  nozzle  exit  rime.  Distances  above  and  below 
this  plane  (Fig.  1)  were  dorigna* cd  positive  and  negative,  respectively.  An  the 
augmentation  performance  of  all  the  mixing  tubes  was  very  nearly  constant 
for  spacing  from  -  1  /h  in-  to  ♦  1/2  in.P  all  tests  werti  conducted  botv:eon 
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those  spacing  limits.  vi*h  the  majority  of  the  tests  at  201*0  spacing 


It  will  lx*  noted  m  Figure  2  that  a  surface  was  added  to  simulate 
the  lovor  surface  of  an  aircraft  wing.  It  was  determined  that  the  presence 
of  this  surface  nad  no  measurable  effect  on  system  perfomanco. 

Calculation  of  primary  nosrle  Heynolds  nunbors  for  the  three  basic 
nozzles  gave  /alucs  of  about  fl.S  x  10 \  based  on  t  he  hydraulic  radius  of  tho 
annular  nozzle. 

Two  primary  ?i*>*£lc  no<lif lcations  wort*  evaluated  ns  a  possible  means 
of  improving  performance.  One  modif ica* ion  was  the  inclusion  of  the 
Coanda  ejector  into  the  system,  the  other  was  introduction  of  swirl  into 
the  primary  flew. 

The  arrangement  pictured  in  Figure  M,  a  combination  of  the  annular 
nozzle  ejector  and  the  Coanda  ejector,  was  »*valtn*ed  .as  a  n*‘Uind  of  pons  aly 
increasing,  the  perf<  rnance  id*  r  he  annular  nrr.zle  ejecter  by  'h**  n.'.i  Uui 

of  more  secondary  Mew.  This  model  was  tested  at  various  no^r.li*  gap  spac- 
ings  1 1’twei'n  *ho  lmits  sh  *wn  in  Figure  d. 

Fleur**  *  giv*r  a  »•  nriri"on  of  au, men*  at  ion  rt*irr  for  the  basic 
innular  nr?M  *  *<  1  crn:'u  linMou  and  this  'inis  rr,dif ira*  ton.  Tt  was 

found  *  ha*  ‘  1  r‘ 1  !  r  in  •  1  !'  this  r.n  J  i  1  u  at  1  <  r,  lrfiivd  a"  ‘he  gap  was  re¬ 
duced.  * ;  .*  g  u  -  '  mil;/  el  imi  i*"d  *  he  ;  i*ri’f  mance  equals  that  of  the 

!  1  -  i!  vf  ir  u  •  1  •  1  *  ■  r  .  fn  g*  u  .*  r  1  ,  i ■  i  i  1  *  ; r  n  !  *  K*'  Cr  aidn  *•  »*c tr  r 

did  \.f  t  r  ’  f  •  m  j  •  i  ■'  r-.,irr.»  "v*  •  o  *•  f  *  j  r.<  <Jel  prevented 


further  nr k  to  opilnite  performance  by  better  matching  of  the  geometry 
of  the  Coanda  elector  (which  la  critical)  to  the  annular  noetic  elector. 

The  other  method  evaluated  for  Improving  tho  performance  of  the 
baste  aye ten  by  the  induction  of  a  greater  secondary  flow  wan  swirl,  or 
axial  rotation  of  the  primary  let.  It  had  been  hypothesized  that,  the 
awirl  notion  would  cause  ♦»*»  primary  r!ow  to  exran*  outward  due  to  cen¬ 
trifugal  force.  This  would  result  In  a  stronger  ninV  ror  the  secondary 
flow  throi**h  the  eye  of  the  a-nulua  In  turn  thin  stron/or  ■  * nk  would 
I'tvl'ice  a  raster  1‘cotrl  irv  rlow  than  wjuld  the  undeflectH  rrmary  .let. 

An  annular  not&le  *  >  ctor  usod  in  firevloujt  conr  «ny  sponsored  testa, 
deference  wv;  n-viifiiV  •>  •  b»  wn  in  Figure  In  for  th»*  wt*l  tents.  (The 

v  ratio  **r  thi/  t/1  «I  e.'nentUliy  dupl leaded  tha  of  the  aealleat  of 
the  three  fnhrKA'e't  f  o-  the  basic  program.)  ?#iee  were  c omit  rooted  for 
deflei  tion  ari'lr.a  of  '  'to  a  mu  late  added  frlC-ior.  and  ,rov  de  a  bams 

ror  coismrl'or).  *>  -ml  Mgu*o  II  *  howr  the  0  and  Vr  deflection 

"v.ane  r  r.*'-  md  ■.  mn  r  1  jte  ~n  ‘hr*  n'dol  *wln,*  ru-f i~r;1  with  the  0° 
def'.  e»:  .  <rf  *■  i . '  •  •  *  *  al  le  *  ri  the  r->7.?  i r« 

">.»  wl.  *  ‘  w  ~*  n'  ,r  (j  d  en>ir»  rr-\nhr>r  i  r  "  uref.  of 

v  r  or  -  *  ty  j  H*  .*  '»’»*-  Th-  •  hr*>e  vario-  rings  w  re 

ea  h  ♦  *  a  ,k  i  r,  t  >  n  '  w'thout  th»  •  c.rle  extension  tu>'e. 

(The  n<  tie  •  ^  •  -i  j  *  •  r  out.-*-  per \ pr.-~r  a i  surf-are  of  the 

-a-niiar  nozrle  as  show:1,  lr  f-  r'lre  ,C-  Tn°  nozz  o  extension  tended  to 


deer*’ a'*0  r  erfor^apae  . 


Despite  the  lncrcued  secondary  •piping"  caused  by  axial  rotation 
of  the  pr lnary  Jet,  there  was  an  overall  decrease  In  ejector  performance 
show  in  Figure  12.  The  decrease  of  performance  below  that  of  tho  0° 
deflection  can  be  accounted  for  by  taking  Into  account  a  flret  order  loea 
duo  to  the  fart  that  the  primary  Jet  velocity  vector  is  no  longer  aligned 
with  tho  thrust  axis,  thereby  reducing  tho  useable  primary  thruat  by  tho 
cosine  of  tho  deflection  angle,  and  n  record  ary  frictional  loan  duo  to 
turning, 

A  comparison  of  the  naaa  flow  ration,  for  tho  0°  ,\nd  lj$°  Jet 

deflection  angina  indicates  Hint  the  addition  of  rwlrl  resulted  in  a 
nann  rlow  ratio  increase  <T  7 *1,  (sor  Appendix  I  for  the  calculation  of 
secondary  masr,  flow),  in-el fic  values  ato  tabulate'!  b^lowr 


deflection  an»le 
degreca 

mass  flew  ratio 

w  /w 
s' 

o'1 

.7(4 

hf 

1.36f 

Hof  moment  of  the  ‘oeondary  flow  r  tth  (elimination  of  nurfaco 
irregular  it  ion,  etc.)  would  Increase  tho.  o  mann  (low  rat  on  over  tho 
values  quoted  above  but  not.  sufficiently  to  result  in  am  mont at  ton. 

The  annular  n">: .  1<-  »  .lector  with  the  ljlJ°  def  1<m  tor  wm  also  tested 
with  two  diff»i’ent.  mixtnr  tube  .  The  .ul  I  t  ton  of  the  mixing  1u!v»n,  which 
were  not  opt  imi?,<*d  gave  only  .a  slight  increase  in  performance. 
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In  short*  rotation  of  the  prinvy  let  flow  does  not  give  sufficient 
Increase  in  performance  to  overcome  Uie  losses  inherent  in  achieving  the 

rotation.  Budgetary  liquations  prevented  further  investigation  of  the 
avlrl  tyre  system,  which  Tight  include  other  r.e*ns  of  introducing  rotation 
or  of  rtr^ngthenin.*  the  secondary  sink 

In  a  further  effort  *o  l-rrove  t**e  •  orfornancc  of  the  arn‘dl*>r 
nozzle  ^lector  by  increasing  the  bine  nozzle  efficiency,  the  nozzle  throat 
length  was  shortened  from  an  original  length  equivalent  to  10  nozzle  riot 
widths  to  a  length  equivalent  to  7.6  ale*  .idths,  ">o  nozzle  was  then 
retorted  alone  ar.d  w«th  firing  tube  B  *J.  The  test  procedures  cnrloyed 
wore  the  rare  as  rrior  to  the  modif icatton. 

The  test  data  n ‘loaded  a  trend  towards  improved  performance,  but 
the  rot  improvement  due  »o  a  change  ip  nozzle  throat  length  of  this  magni- 
tudo  war.  not  r  V*v  r  •  c  ant.  It  wv  ‘height  »' at  firth^r  reduction  of  tho 
nozzle  throat  length  vhirh  in  turn  reduces  the  clearance  t>etwpen  tho 
"wing  surface  and  t  ►  e  »i  ring  tube  mle  *m  ht  ho  deleterious  to  overall 
ejector  cerform  r~e  C'  r  a*  though  th  r'lrarv  aozz.io  »rf1cu*ncy  would  bo 

increased  *he  tiMn-  *  i  •>»>  a.  tort  »r  /  '  fl  w  ■•'lent  be  *  o  t girted  enough 
to  reduce  the  ovr  r  a  f  •  »- r 'rmonce t*n  mvity  of  the  annular  nozzle 

ejector-rux? rg  tub.  rv*  •  1  \nr  r,.  in;  '■•nance  wr  constant  ny,  r 

5r-r  •  ni;  equivalent  tc  r.lo4  widths)  won  probatuy  r»'’  r  m  1 1  some  ’’parameter 
Juggling'1  to  achieve  t  ►  w  r  rv^m!  <  ~r'  .'"an  e  a4  a  redq  ed  nozzle 


throat  length, 


Incorporation  of  the  plonun  chamber  volume  of  the  mod*!  as  *hown 

•  tM,<  •  !#c  !  .11  •  •  •  *  .  .*•  “«  i  *  j  :*  i«  *  i 1  »•<  nuse 

correlation  between  the  model  and  full  scale  test  results  if  or.*  of  tht 
obl^rtiv-t  of  *he  ev*«rnll  ;  r,T.r  •  .  »•  ?•  »«•,•»  *17  to  maintain  a  geometric 
sUiil  irity  l  «  tween  the  tve  Cons  equently  the  model  was  altered  to  the 
design  'f  'he  full  sole  ejector  ..nd  retorted.  It  should  be  pointed  out 
that  tide  plenum  desist  nedif ication  is  ru  *  re-orr*  n  1*  1  for  prototype 
design  and  is  merely  a  test  expedient  for  this  program  This  aitnple  modi¬ 
fication  of  the  model,  which  amounted  ’0  rruv«it:ng  the  plenum  chamber  to 
a  HiTe-'r,  ir  shown  in  Figure  1*.  Tent  data  v«  re  obtained  by  the  san* 
pro**  <» used  ijevicunly  ar.d  al"c  1  y  direct  r,»  .v  urcr.e.nt  «f  prerrurc  loss 
acres-  *he  nor.r.le.  Them  data  indicated  t*»at  an  overall  loss  of  6 1  in 
augmentation  {'«  rforr.ance  can  by  exjocted  with  this  plenum  chamber  design 
A  variation  In  this  loss  (It  rf  to  ?.Vf )  was  found  between  the  tide  adjacent 
*  r>  *w««  q  •  lv  f  l’>!  the  c  J'}  f  '  i  *  •  id**.  »•;■<•  it*  t  t  a  *ed  l<!ltC  W.'itJ 

on  *t.e  .’Kijaecn*  side. 

The  criminal  model  sup;  ly  rys?«n  design  indicated  a  lose  of 
appro  \ ;  ~.i  *  ••  lv  « /•  It,  me  .id  I"1  **rj  hasized  Dm1  thif  figure  -an  be  ap 
pro -a  ho  I  in  an  aircraft  installation  by  adherence  to  accepted  duct  design 
cri  *er ;;» 


In  order  t  0  <b  term  11  • 

‘he  real  < 

•  ffe  *  <  !  f  li< 

•  r.  i  x  1 : 1 

;  l.ut  <•  cn  ejector 

no;-  ’ 

]  1  >  ; erformance  the  v 

e  r  *  r  a  *  1  < 

! '  r'  :ior 7.1  •• 

j  : 

d  with  mixing 

4  u!  <  It -g  and  hr-<?  l/?  in  er'ition,  hu*  rupjorted  i  ni'-pon  dent.ly  A3  data 
L 

1  orlininue^  voyp  •  xart.ly  1  f  re  ‘  bi  allowed  a  measure  of  t.ho  change 


In  annular  ncrsle  ejector  performance  cue  to  the  presence  of  the  nixing 
•  .be  T>o  results  of  this  Invest  l,ntion  irvlente*  »hat  -vrrroxiaately 
of  the  increase  In  thrust  is  due  to  the  not  force  on  the  m^ing  tube;  the 
remaining,  is  due  to  increased  secondary  flow  through  the  boll-mouth  center 
of  the  annul v  nosrlc. 

fixing  tube  lip  sixe  offecte  were  examined  briefly  using  diffusing 
nixing  tube  B  .  The  original  lip  chare  (Fig,  3)  was  cut  to  9P°  from  »he 
mixing  tube  throat  plane  as  shown  in  Figure  lh.  Tost  and  data  reduction 
procedures  war*  'dr»ntlc»l  to  thopa  used  prior  to  the  cut.  The  effort  of 
•his  nixing  tube  lip  alteration  on  the  performance  of  thir  « jeetor  con¬ 
figuration  w>r  rngligihlo. 

Limited  flow  vinu.al  iza*  ion  studies  w *»re  made  of  the  inflow  in  an 
attempt  to  determine  a  moans  or  Inorcving  ‘ha  performance  of  thir  elector 
systan.  Study  of  *}n  mixing  phenomenon  apporlaled  with  this  system  was 
beyond  the  r.r ore  of  the  rro  rvn  The  smoke  studies  t h *» t  wor^  made  in¬ 
dicated  an  inflow  p-iUorn  that  would  bo  .anticipated  from  motuntial  flow 
cons Ider at  i onr  'Jn  flow  discont  inuity  wan  nnt«xi  nor  w»  ro  my  now  avenues 
toward  lmprr  v»  r<\rt,  t*- covered. 


9 


1  C  XJCLUSIWS 


The  primary  conclusion  remiltln*  from  thlf  invritiritlon  Id  that  fie**' 
aufptcntation  can  he  obtained  fro*  an  annular  notile  cJ«ctor*mlxlnr  tubo 
combination  with  email  l/t)  ratioo  for  the  mUinc  tuba, 

Divcrrent  mixinn  tubes  i^re  four/l  augment  annular  noiilo  ej  etor 
pcrforrunce  nor*  than  did  constant  area  mixing  tubco.  Neither  the  ro  ntlon 
of  the  primary  Jot  flow  in  the  manner  described  in  thin  report  nor  ho  towli 
ejector  modification  w^rc*  of  value  in  incronainr:  the  nu  nt  't  n  p<  rf  rmanen 
of  the  fwntom. 

The  ronm^trv  of  the  model  with  aspect  ratio  llX*  In  oo"blnittcm  with 
mlxlnr  tul'O  (\»  *nn  Mon  rhor-on  for  ecilo  up  to  full  flisc.  TV  "eduction  of 
the  plenum  chirl'*,r  eroac  ruction  shown  In  KJrure  13  ifl  included. 
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6a.  DESCRIPTION  OP  TEST  BQt iTPtrVT  AND  PdPCFDtfRES 


The  basic  teat  equijnent  was  designed  ar.d  constructed  so  that 
changes  in  annular  nozzle  geometry  could  be  rado  by  simply  changing  nozzles, 
the  other  portions  of  tho  test  equipment  renaining  tho  s.eno  for  all  tests. 

The  test  nodcl  was  installed  on  tho  high  pressure  supply  duct  as 
shown  in  Figure  15  and  supported  above  the  scalo  by  a  strut  incorporating 
knife  odgus  on  both  top  and  botton  onds.  Tho  supply  duct  has  a  flexible, 
hinged  Joint  at  its  axial  centerline  93*5  inches  upotrean  of  tho  modol 
centerline.  This  joint  effectively  olininates  supply  tube  static  pressuro 
effects  fron  tho  thrust  measuring  system  ind  pomits  thrust  measurement 
with  minimum  mechanical  friction.  The  flexible,  hinged  Joint,  tho  flow 
measuring  section  and  tho  blowor  system  aro  shewn  in  Figure  16.  The  blower 
system  is  comprised  of  2  Alliron  V1710  superchargers  operating  in  series. 
Fewer  is  supplied  by  two  lc0  HP  Ford  engines.  The  flow  measuring  section 
meets  American  Gao  Association  specif icaticns. 


In  order  that  the  air  flow  would  leave  the  nozzle  uniformly  and  with 
low  losses,  the  model  was  constructed  with  a  plenum  chamber  proportioned 
to  give  a  unitom  static  pressure  at  the  nozzle  inlet. 

The  f  •'nun  chamber  w.ns  probed  to  dett  mine  the  degree  of  uniformity 
of  the  internal  static  pressure.  The  pres3\*rc  probe  locations  are  shown 
in  Figures  1?  and  18.  It  was  found  thn*  there  was  no  measurable  variation 
in  static  presrure  within  the  plenum  chanter.  It  was  also  determined  that 
the  pressure  losses  (from  plenum  total  presrure  to  ,]»*t  total  exit  pressure) 
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war*  of  tha  order  of  2i  of  the  plenum  total  presrure. 


Concentric  alignment  of  the  annular  nozzla  tnd  mixing  tube  was 
within  one  slot  width  Axial  alignment  was  within  1°.  The  wiring  tube 
support  (figure  Ifl)  vis  iesigned  to  allow  small  vertical;  horiiontal,  and 
angular  adjustments  In  the  al ignnent  of  the  Annular  nozzle  and  fixing  tube. 

The  support  bracket  for  the  fixing  tubed  vu  lacunted  on  the  nanifold 
ring  as  in  figure  10,  The  nixing,  tubee  were  mod'*  fron  hot  f*med  com¬ 
mercial  glass  tubing.  Glass  was  chosen  for  the  nixing  tuber,  because  of  Its 
excellent  surface  smoothness  .and  the  relativo  inexpencironecf  of  the  part. 

The  lengJi  of  the  mixing  tubes  was  changed  by  cutting  with  the 
contentions!  hot  wire  The  tape  shovn  in  figure  h  id  at  the  cuts  in  the 
tube  length-  Fo-  the  most  Dart  excellent  cote  were  made  rod  the 
surface  smoothness  was  not  affected  because  the  forming  of  the  mixing 
tubo  inlet  war  a  hand  operation  email  viriattonr  in  contour  were  rrccont 
fron  or.c  nixing  tube  U>  t m  nert.  it  is  folt  thV  lhpr.->  variations  were 
net  sign  .fi  ..  i  Fo.  determining  the  lull  oCalc  mix  in*;  tube  geometry,  the 
exact  :  haf  e  m r  t  aker.  )~<*\  *»  cu'  *-■  the  -n  •  \  rig,  *  ubr 

Fr l *» *  t  •',)<  .  t  r  r v  1 1 1 1 *i 1 1 o*.  i  rbr  thrust  m.'ar.’tr  ing  system  was 
calibrated  hy  dead  wr*  i  b*  lOir..*  *  oU  while  the  .y  t”m  wr  inprorsurir.ed 
uid  t  a' trail;/  pressnrt  °d  to  tent  level.  Appropriate  rorrrctione  detomined 
by  this  te3t  ve~e  applied  to  ejector  data  The  flow  section  wan  chocked 
by  determining  the  flow  rate  of  a  model  at  a  gi%sn  set  of  inlot  conditions 
with  three  different  orifice  sixes-  In  addition  to  these  calibrations  and 


check*'  the  leakage  fr on  the  syaten  was  checked  and  fount  to  to  leas  than 
0 ,Ut  of  the  irate  1  rated  weight  flew. 
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exhausts  to  ambient  pressure  and  passes  the  sane  weight  flow  with  the 
sane  supply  pressure. 

The  following  faotor  is  given  to  permit  the  augmentation  ratios 
presented  in  this  report  to  be  put  in  this  form  for  the  case  where  the 
equivalent  primary  nozzlo  is  assumed  to  be  100JC  efficient  (As  •  0), 


S,V* 

w  V"o  As  -  0 


-  0.98 


Pl~Po 


•  const 


Kaos  flow  ratios  for  the  tests  incorporating  swirl  in  the  primary 
air  were  dotomined  by  comparing  tho  measured  primary  flow  rate  with  a 
calculated  secondary  flow  rate.  Secondary  air  weight  flow  was  calculated 


from  wfl  -  g  y- 

3 


2n  Po 


p 

s2  n 


whore,  F  is  as  nbovo.  and  V  •  ( — i-  —  1  - 

*  s  *  s  \n-l  p. 


I  L  . 

Tho  accuracy  of  tho  spocific  thrust  values  is  ♦ 
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TYPICAL  ARRANGEMENT  OF  ANNULAR  NOZZLE  AND  MIXING  TUBE  COMBINATION 

Appendix 
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THE  30l  ANT  hy  I'EFLECTI  N  "VANE-HI ,’GS"  AT  A  MIXING  TUBE  ON  THE  ICI-SL 
•VI NG  SURFACE".  THT  0°  "VANE-RING"  13  INSTALLED  IN  THE  NOZZLE 
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EFFECT  OF  PRIMARY  JET  ROTATION  ON  THRUST  PfiHFORflANCS  OF  A! 

NOZZLE  EJECTOR 
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CROSS  SECTIONAL  VI EW  OF  I  I  F7JHM  CliAMM£H  MODIFICATION 


SECONDARY  NCZZLE  IN’LET,  PLENUM  CHAMBER  PRESSURE  PROBES,  MIXING 

TUBE  AND  SUPPORT  =*RCM  BELOW 


ARRANGEMENT  OF  ANNULAR  NOZZLE  EJECTOR -MIXING  7'BE  COMBINATION 
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